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PREFACE 

The t roposphere,  t h e  lowest  r e g i o n  o f  the atmosphere, which extends f rom t h e  
s u r f a c e  t o  about 10 t o  15 km (depending on l a t i t u d e ) ,  c o n t a i n s  about 85 percent  o f  
t h e  t o t a l  mass of t h e  atmosphere. The troposphere i s  a r e g i o n  o f  g r e a t  chemical 
d i v e r s i t y  and a c t i v i t y ,  c o n t a i n i n g  many dozens o f  t r a c e  gases produced by n a t u r a l  and 
anthropogenic  processes a t  t h e  sur face and w i t h i n  t h e  t roposphere.  
o f  t r a c e  gases i n c l u d e  volcanism, b iogen ic  p roduc t ion  i n  s o i l  and t h e  ocean, biomass 
burn ing.  i n t e r n a l  combustion. and f o s s i l  fuel  burn ing.  Tropospher ic  sources o f  t r a c e  
gases i n c l u d e  atmospher ic l i g h t n i n g ,  photochemical r e a c t i o n s  i n i t i a t e d  by s o l a r  pho- 
tons,  and atmospher ic k i n e t i c  reac t ions .  Trace gases i n  t h e  t roposphere impact t h e  
q u a l i t y  o f  t h e  a i r  t h a t  we breathe; l e a d  t o  t h e  p r o d u c t i o n  o f  a c i d  p r e c i p i t a t i o n :  
d i f f u s e  i n t o  t h e  s t ra tosphere ,  where t h e y  chemical ly  d e s t r o y  ozone; and c o n t r o l  t h e  
c l i m a t e  o f  our  p l a n e t  v i a  t h e  "greenhouse e f fec t . "  Over t h e  l a s t  few years,  we have 
found t h a t  severa l  t r o p o s p h e r i c  t r a c e  gases-- inc lud ing methane. n i t r o u s  oxide, and 
carbon monoxi de--whi ch impact bo th  atmospheri c chemis t ry  ( i  n t h e  t roposphere and 
s t r a t o s p h e r e )  and c l i m a t e  appear t o  be inc reas ing  w i t h  t ime.  Atmospheric env i ron-  
mental  problems assoc ia ted  w i t h  t ropospher ic  t r a c e  gases t r a n s g r e s s  n a t i o n a l  and 
i n t e r n a t i o n a l  boundar ies and a r e  t r u l y  global  i n  nature.  The sensing, measuring, and 
m o n i t o r i n g  of t r o p o s p h e r i c  t r a c e  gases from p l a t f o r m s  i n  space o f f e r  a un ique and i m -  
p o r t a n t  g l o b a l  vantage p o i n t .  Over t h e  next few decades, t h e  planned E a r t h  Observing 
System (EOS) and t h e  Space S t a t i o n  w i l l  o f f e r  un ique observ ing  o p p o r t u n i t i e s .  Unfor- 
t u n a t e l y ,  t h e r e  a r e  fo rmidab le  techno log ica l  and s c i e n t i f i c  problems assoc ia ted  w i t h  
t h e  measurement of t r o p o s p h e r i c  t r a c e  species f rom space. 

Sur face sources 

A Workshop on Space O p p o r t u n i t i e s  f o r  Tropospher ic Chemistry Research was h e l d  
a t  t h e  Goddard I n s t i t u t e  f o r  Space Studies i n  New York City, September 9 t o  13, 1985, 
t o  address t h e  t e c h n o l o g i c a l  and s c i e n t i f i c  problems assoc ia ted  w i t h  measuring t r o p o -  
s p h e r i c  t r a c e  species f rom space. The o b j e c t i v e  o f  t h e  workshop, sponsored by NASA's 
Tropospher ic  Chemistry Program, E a r t h  Observat ion D i v i s i o n ,  O f f i c e  o f  Space Science 
and A p p l i c a t i o n s  (OSSA), was t o  assess t h e  near- and long- te rm t e c h n o l o g i c a l  and 
s c i e n t i f i c  problems assoc ia ted  w i t h  t h e  measurement and m o n i t o r i n g  o f  t r o p o s p h e r i c  
t r a c e  gases and aeroso ls  f rom space. The workshop considered d i f f e r e n t  remote sens- 
i n g  techniques,  i n c l u d i n g  spectrometry,  gas c o r r e l a t i o n  f i l t e r  rad iometry ,  s p e c t r a l  
rad iometry ,  and l i d a r ,  as w e l l  as p o s s i b l e  t r o p o s p h e r i c  miss ions.  The workshop par-  
t i c i p a n t s  i n c l u d e d  atmospheric, measurement, and ins t rument  s c i e n t i s t s ,  techno lo-  
g i s t s ,  engineers and miss ion  p lanners from u n i v e r s i t i e s ,  i n d u s t r y ,  and Government 
l a b o r a t o r i e s .  The workshop was s t r u c t u r e d  t o  encourage f r e e  and open d iscuss ion .  
The f i r s t  day o f  t h e  workshop, a s e r i e s  of rev iew papers were presented d e a l i n g  w i t h  
t h e  s c i e n t  i fi c problems assoc ia ted  w i t h  t ropospher i  c t r a c e  gases and aerosols ,  t h e  
s t a t e  o f  t h e  a r t  o f  var ious  remote sensing techniques, and space o p p o r t u n i t i e s  f o r  
measurement of  t r o p o s p h e r i c  t r a c e  species.  A f t e r  t h e  f i r s t  day, t h e  workshop par -  
t i c i  pants  were d i  v i  ded i n t o  i nstrument techno1 ogy and m i  s s i  on panel s .  The ideas , 
conclus ions,  and recommendations o f  these panels were d iscussed before t h e  e n t i r e  
workshop i n  p l e n a r y  sessions and formed the b a s i s  o f  t h i s  r e p o r t .  The r e p o r t  was 
c i r c u l a t e d  i n  d r a f t  form t o  a l l  workshop p a r t i c i p a n t s ,  and t h e  comments rece ived were 
i n c o r p o r a t e d  i n t o  t h e  f i n a l  vers ion,  which was again c i r c u l a t e d  t o  a l l  workshop 
chairmen f o r  f i n a l  review. 

It i s  a p leasure  t o  thank t h e  panel chairmen, E. V .  Browel l ,  C. B. Farmer, R. S. 
F raser ,  0. K. K i l l i n g e r ,  D. G. Murcray, and H. G. Re ich le ,  Jr., f o r  t h e i r  hard work 
and d i l i g e n c e  i n  summarizing t h e  pane ls '  ideas, conc lus ions,  and recommendations. I 
a l s o  thank t h e  panel chairmen and F. A l l a r i o ,  D. B u t l e r ,  R. J. McNeal, V .  A. Mohnen, 
R.  G. P r inn ,  and E. L. T i l t o n  f o r  prepar ing and p r e s e n t i n g  t h e  overviews on t h e  f i r s t  
day which s e t  t h e  s tage f o r  t h e  e n t i r e  workshop. F i n a l l y ,  i t  i s  a p leasure  t o  
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SU MMAR Y 

Tropospher ic  t r a c e  species (gases and aeroso ls )  a f f e c t  t h e  photochemist ry  and 
chemis t ry  o f  t h e  e n t i r e  atmosphere, as w e l l  as impact t h e  c l i m a t e  o f  our  p lanet .  F o r  
numerous s c i e n t  i f i c and techno1 og i  c a l  reasons, spaceborne measurements o f  t ropo- 
s p h e r i c  t r a c e  species have n o t  kep t  pace w i th  spaceborne measurements of t r a c e  gases 
i n  t h e  mid and upper atmosphere. 
1 o g i  c a l  cha l  1 enges t o  measuri ng t ropospher ic  t r a c e  speci  es from space. 
lenges and p o s s i b l e  s o l u t i o n s  were t h e  subjects  o f  a Workshop on Space O p p o r t u n i t i e s  
f o r  Tropospher ic  Chemistry Research which was h e l d  a t  t h e  Goddard I n s t i t u t e  f o r  Space 
Stud ies  i n  New York, September 9 t o  13, 1985. Th is  r e p o r t  summarizes t h e  d iscus-  
s ions,  conc lus ions,  and recommendations of t h i s  workshop. Workshop panels  assessed 
t h e  technology assoc ia ted  w i t h  spaceborne measurements o f  t r o p o s p h e r i c  t r a c e  species 
i n t h e  areas o f  spect rometry  , gas f i 1 t e r  c o r r e l  a t  i on r a d i  omet ry , s p e c t r a l  rad iomet ry  
and t r o p o s p h e r i c  aerosols ,  and l i d a r  technology and measurements. 

There a r e  many f o r m i d a b l e  s c i e n t i f i c  and techno- 
These cha l -  

Very r e c e n t l y ,  f o r  t h e  f i r s t  t ime, a s e r i e s  o f  ins t ruments  demonstrated t h e  
f e a s i b i l i t y  of o b t a i n i n g  measurements o f  t ropospher ic  t r a c e  species f r o m  space. 
Measurement o f  A i r  P o l l u t i o n  f rom S a t e l l i t e s  (MAPS), a gas f i l t e r  c o r r e l a t i o n  
rad iometer  i n  t h e  nadi  r -v iewing  mode, obtained measurements o f  mid- t ropospher ic  
c o n c e n t r a t i o n s  o f  carbon monoxide d u r i n g  two f l i g h t s  o f  t h e  Space S h u t t l e - - i n  1981 
and 1984. The S t r a t o s p h e r i c  Aerosol and Gas Experiment (SAGE I I ) ,  an a b s o r p t i o n  
spect rometer  i n  t h e  l imb-v iewing  s o l a r  o c c u l t a t i o n  mode launched on t h e  E a r t h  
R a d i a t i o n  Budget Sate1 1 i t e  (ERBS) i n  October 1984, o b t a i  ned measurements o f  water  
vapor, ozone, and aeroso ls  i n  t h e  mid and upper t roposphere.  ATMOS (Atmospher ic 
Molecules by Spectroscopy), a h i g h - r e s o l u t i o n  i n t e r f e r o m e t e r  i n  t h e  l imb-v iewing  
s o l a r  o c c u l t a t i o n  mode aboard SPACELAB-3 (Apr i  1-May 1985), ob ta ined measurements of 
severa l  t r a c e  species down t o  t h e  mid and upper t roposphere.  MAPS was t h e  f i r s t  
ded ica ted  space miss ion  t o  o b t a i n  measurements of a t r o p o s p h e r i c  t r a c e  gas and 
demonstrated, f o r  t h e  f i r s t  t ime,  t h e  t ropospher ic  a p p l i c a t i o n  o f  a gas f i l t e r  
c o r r e l a t i o n  radiometer.  The SAGE I 1  and ATMOS measurements demonstrated, f o r  t h e  
f i r s t  t ime, t h a t  t h e  l imb-v iewing  s o l a r  o c c u l t a t i o n  a b s o r p t i o n  techn ique has impor- 
t a n t  a p p l i c a t i o n s  t o  t h e  measurement o f  t r a c e  species i n  t h e  t roposphere.  Measure- 
ments o f  t r o p o s p h e r i c  aerosol  s are  o b t a i  nab1 e w i t h  severa l  e x i s t i n g  i nstruments,  
i n c l  u d i  ng t h e  Advanced Very High Resolut ion Radiometer (AVHRR) on NOAA Pol  ar -Orb i  t i  ng 
Opera t iona l  Environmental  S a t e l l i t e s  (POES), t h e  V i s i b l e  I n f r a r e d  Spin Scan Radiom- 
e t e r  (VISSR) on NOAA Geostat ionary Environmental S a t e l l i t e s  (GOES), t h e  m u l t i s p e c t r a l  
sensors on Landsat, and SAGE 11. 

The workshop recommended t h a t  i n  t h e  very near term, t h e  proven MAPS, SAGE 11, 
and ATMOS measurement techniques be e x p l o i t e d  f o r  measurements o f  t r o p o s p h e r i c  t r a c e  
gases and species,  i n c l  u d i  ng t h e  a n a l y s i s  and i n t e r p r e t a t  i on o f  avai  1 ab1 e t ropo- 
s p h e r i c  measurements. Also, i n  t h e  near f u t u r e ,  these proven ins t rument  concepts 
should be expanded f o r  p o s s i b l e  a d d i t i o n a l  c a p a b i l i t i e s  o f  t r o p o s p h e r i c  measurements. 
I n  p a r t i c u l a r ,  f e a s i b i l i t y  s t u d i e s  should beg in  f o r  t h e  f o l l o w i n g  ins t rument  con- 
cepts :  
monoxide and a lower  o r  midd le  t ropospher ic  measurement o f  methane u s i n g  gas c o r r e l a -  
t i o n  rad iometers i n  t h e  nadi r - v i e w i n g  mode and a h i g h - r e s o l u t i o n  i n t e r f e r o m e t e r  
o p e r a t i n g  i n  t h e  nad i r -v iewing  thermal emission model. 

a t h r e e - l a y e r  ( lower ,  middle,  and upper t roposphere)  measurement o f  carbon 

The workshop a l s o  considered t h e  p o t e n t i a l  o f  spaceborne l i d a r  systems f o r  mea- 
surements o f  t r o p o s p h e r i c  t r a c e  gases and aerosols .  
t h e  p o t e n t i a l  of p e n e t r a t i o n  i n t o  t h e  lowest l a y e r s  o f  t h e  t roposphere,  as w e l l  as 
p r o v i d i n g  h i g h  v e r t i c a l  r e s o l u t i o n  o f  the d i s t r i b u t i o n  o f  t r o p o s p h e r i c  t r a c e  species.  
Spaceborne l i d a r  systems f o r  measurements o f  t h e  v e r t i c a l  d i s t r i b u t i o n s  o f  water  

Spaceborne l i d a r  systems o f f e r  



vapor, ozone, carbon monoxide, methane, ammonia, and aerosols ,  as w e l l  as column 
conten t  measurements o f  t r o p o s p h e r i c  n i t r o g e n  d iox ide ,  n i t r i c  ox ide,  and s u l f u r  
d i o x i d e ,  were assessed. However, i t  was emphasized t h a t  t h e  f e a s i b i l i t y  o f  such 
spaceborne l i d a r  systems f o r  t r o p o s p h e r i c  measurements has n o t  been demonstrated t o  
date,  and considerable technology development w i l l  be requi red.  B a s i c  research and 
development t h a t  may l e a d  t o  spaceborne l i d a r  systems f o r  t r o p o s p h e r i c  measurements 
i n c l u d e  improved l a s e r  e f f i c i e n c y ,  l i f e t i m e ,  and s p e c t r a l  q u a l i t y ,  as w e l l  as t h e  
development o f  the new l a s e r s  f o r  t r o p o s p h e r i c  measurement a p p l i c a t i o n s .  

I INTRODUCTION: CHEMISTRY OF THE TROPOSPHERE 

The troposphere, t h e  lowest  r e g i o n  o f  t h e  atmosphere which extends f rom t h e  
s u r f a c e  t o  about 10-15 km (depending on l a t i t u d e )  and conta ins  about 85 percent  o f  
t h e  t o t a l  mass o f  t h e  atmosphere, i s  a r e g i o n  o f  g r e a t  chemical a c t i v i t y .  Tropo- 
s p h e r i c  t r a c e  gases and aeroso ls  c o n t r o l  and/or impact: 

0 The q u a l i t y  o f  t h e  a i r  t h a t  we brea the  

0 Atmospheric v i  s i  b i  1 i t y  

The format ion o f  a c i d i c  p r e c i p i t a t i o n  

The chemical d e s t r u c t i o n  o f  ozone i n  t h e  s t r a t o s p h e r e  

The c l i m a t e  o f  our  p l a n e t  

Sources o f  t ropospher ic  t r a c e  gases and aeroso ls  i n c l u d e  b i  ogeni c and anthropogenic  
a c t i v i t i e s ,  volcanoes, biomass burn ing,  atmospher ic l i g h t n i n g ,  and compl icated 
atmospher ic photochemical and chemical t rans format ions .  The sources and s i n k s  and 
photochemist ry  and chemist ry  o f  t r o p o s p h e r i c  t r a c e  species have been discussed i n  a 
s e r i e s  o f  rev iew papers (see, f o r  example, Logan e t  a l . ,  1981: Chameides and Davis, 
1982; Lev ine  and A l l a r i o ,  1982; Levine, 1984; N a t i o n a l  Academy o f  Sciences, 1984; and 
Graedel , 1985). A summary o f  t r o p o s p h e r i c  t r a c e  species,  concent ra t ion ,  atmospher ic 
l i f e t i m e ,  and sources and s inks ,  as w e l l  as key t r o p o s p h e r i c  chemical and photochem- 
i c a l  r e a c t i o n s  grouped accord i  ng t o  species fami l y  ( i  .e., oxygen, hydrogen, n i t r o g e n ,  
carbon, s u l f u r ,  and halogen species and aeroso ls ) ,  i s  g iven  i n  appendix A .  

It i s  i n t e r e s t i n g  t o  no te  t h a t  over t h e  l a s t  decade, almost a l l  o f  t h e  remote 
sensing o f  atmospheric t r a c e  gases f rom space i n v o l v e d  t h e  midd le  and upper atmo- 
sphere. 
species f rom space a r e  fo rmidab le  and inc lude:  

The s c i  e n t i  f i c and techno1 og i  c a l  cha l  1 enges o f  measu r i  ng t r o p o s p h e r i c  t r a c e  

0 The presence o f  c louds and aeroso ls  I 
0 The presence o f  water  vapor (H20) and carbon d i o x i d e  (CO?), which b l a n k e t  much 

o f  t h e  usefu l  i n f r a r e d  spectrum 

0 The very  small temperature d i f f e r e n c e  between t h e  s u r f a c e  and t h e  t roposphere 

0 The h i g h  pressure o f  t h e  t roposphere which b lends s p e c t r a l  features,  making 
i s o l a t i o n  of a p a r t i c u l a r  s i g n a t u r e  very d i f f i c u l t  

I 



The l a r g e  abundance of c e r t a i n  s t r a t o s p h e r i c  species--such as ozone (03)  and 
n i t r o g e n  d i o x i d e  (NOz)--which conceals t r o p o s p h e r i c  abundances o f  these 
species f rom space 

A p o s s i b l e  s t r a t e g y  f o r  making measurements o f  t r o p o s p h e r i c  t r a c e  species from space 
was addressed i n  a r e c e n t  Nat iona l  Academy o f  Sciences r e p o r t ,  A S t ra tegy  f o r  E a r t h  
Science From Space i n  t h e  1980's and 199O's, P a r t  11. Atmosphere and I n t e r a c t i o n s  
Wi th t h e  S o l i d  Ear th,  Oceans, and B i o t a  (1985). T h i s  N a t i o n a l  Academy o f  Sciences 
r e p o r t  p rov ided some recommendations as we l l  as a l i s t  o f  t h e  key t r o p o s p h e r i c  t r a c e  
gases t h a t  should be considered f o r  spaceborne measurement. 
reproduced i n  t a b l e  I ,  p r o v i d e d  an i n i t i a l  l i s t  o f  gases f o r  measurement consid-  
e r a t i o n  by t h e  workshop p a r t i c i p a n t s . )  
recommended: 

( T h i s  l i s t ,  which i s  

The N a t i o n a l  Academy o f  Sciences r e p o r t  

The pr imary  o b j e c t i v e s  f o r  t h e  study o f  t h e  t roposphere from space a r e  as 
f o l l o w s ,  i n  o rder  o f  p r i o r i t y :  

1. To measure t h e  magnitudes o f  the t e r r e s t r i a l  and oceanic sources and 
s i n k s  f o r  rad i  a t i  v e l y  and chemical l y  impor tan t  t r o p o s p h e r i  c t r a c e  gases, 
i n  p a r t i c u l a r ,  C02, CO, CH4, and o t h e r  hydrocarbons, N20, "3, (CH3)2S, 
H2S, OCS, and S02. 

v a r i  a t i  ons, and r e g i  onal l y  and g l o b a l  l y  averaged 1 ong-term t r e n d s  o f  
chemical l y  and r a d i  a t i  v e l y  impor tant  t r a c e  gases and aerosols ,  i n  
p a r t i c u l a r ,  H20, GO, 03, N02, SO2, and a c i d i c  o r  carbonaceous aeroso ls .  

A l l  f o u r  f i r s t - l e v e l  t r o p o s p h e r i c  species (HzO, 03, CO, and CH4) i n  t h e  N a t i o n a l  
Academy o f  Sciences r e p o r t  a r e  i nvo l  ved i n  t h e  photochemical and chemical p r o d u c t i  on 
and d e s t r u c t i o n  o f  t h e  hydroxy l  r a d i c a l  (OH). The hydroxy l  r a d i c a l  i s  t h e  key chemi- 
c a l l y  a c t i v e  species i n  t h e  t roposphere which r e a c t s  w i t h  a lmost  every t r o p o s p h e r i c  
species and, hence, c o n t r o l s  t h e  atmospheric l i f e t i m e  of a lmost every t r o p o s p h e r i c  
species.  The o n l y  impor tan t  t r o p o s p h e r i c  t r a c e  species whose l i f e t i m e  i s  n o t  con- 
t r o l l e d  by r e a c t i o n  w i t h  OH i s  n i t r i c  oxide (NO), whose atmospher ic l i f e t i m e  i s  con- 
t r o l l e d  by i t s  r e a c t i o n  w i t h  03. 
t h e  t roposphere,  i t s  very  s h o r t  atmospheric l i f e t i m e  (on t h e  o r d e r  o f  a second) and 
very low c o n c e n t r a t i o n  (about lo5 t o  lo6 molecules ~ m - ~ )  have prec luded r e l i a b l e  
measurements w i t h  s u f f i c i e n t  accuracy o r  p r e c i s i o n  f o r  photochemical s t u d i e s .  Our 
knowledge about t h e  c o n c e n t r a t i o n  and d i s t r i b u t i o n  o f  OH i s  based on g l o b a l l y  aver-  
aged measurements and a few i n  s i t u  measurements i n  "non-remote" environments and on 
t h e o r e t i  c a l  photochemical  c a l c u l a t i o n s .  I n  t h e  t r o  osphere, t h e  hydroxy l  r a d i c a l  i s 
formed by t h e  r e a c t i o n  o f  e x c i t e d  atomic oxygen (0( D ) )  w i t h  water  vapor (H20): 

2. To measure t h e  atmospheric d i s t r i b u t i o n s ,  annual and l a t i t u d i n a l  

Al though OH i s  t h e  key c h e m i c a l l y  a c t i v e  species i n  

P 

O( 'D)  + H20 + 2 OH 

I n  t h e  t roposphere,  e x c i t e d  atomic oxygen i s  produced by t h e  p h o t o l y s i s  of ozone 
(03) :  
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The chemical d e s t r u c t i o n  of OH i s  c o n t r o l l e d  by t h e  r e a c t i o n s  o f  OH w i t h  carbon 
monoxide (CO) and methane (CH4): 

OH + CO + C02 + H 

OH + CH4 + CH3 + H20 

Hence, we see t h a t  H20 and 03 l e a d  t o  t h e  photochemical 
CH4 l e a d  t o  t h e  chemical d e s t r u c t i o n  o f  OH. 

THE WORKSHOP: OBJECTIVES, AGENDA, 

p r o d u c t i o n  o f  OH, and CO and 

ND PANELS 

To consider  t h e  s c i e n t i f i c  and t e c h n o l o g i c a l  chal lenges and problems assoc ia ted  
w i t h  t h e  remote sensing o f  t r o p o s p h e r i c  t r a c e  gases and aeroso ls  f rom space, t h e  
Tropospher ic  Chemistry Program, E a r t h  Observat ion D i v i s i o n  (EOD) o f  NASA's O f f i c e  o f  
Space S c i  ence and Appl i c a t  i ons (OSSA) he1 d a workshop, "Space O p p o r t u n i t i e s  f o r  Tro- 
pospher ic  Chemistry Research," a t  t h e  Goddard I n s t i t u t e  f o r  Space Studies,  New York, 
September 9 t o  13, 1985. 
s e r i e s  o f  NASA workshops and r e p o r t s  on t r o p o s p h e r i c  chemist ry .  The complete l i s t i n g  
o f  t h e  e a r l i e r  workshops and r e p o r t s  i s  g iven  i n  t a b l e  11.) 
exper ts  i n  atmospheric science, remote sensor i n s t r u m e n t a t i o n  and technology, and 
m i s s i o n  planners-- f rom u n i v e r s i t i e s ,  i n d u s t r y ,  and NASA p a r t i c i p a t e d  i n  t h e  workshop. 
A l i s t  o f  p a r t i c i p a n t s  and t h e i r  a f f i l i a t i o n s  i s  g iven  i n  appendix R. 

( T h i s  workshop and r e p o r t  a re  t h e  l a t e s t  i n  a c o n t i n u i n g  

About 40 s c i e n t i s t s - -  

The t i m i n g  i n  t h e  f a l l  o f  1985 f o r  a workshop t o  cons ider  and assess t h e  mea- 
surement o f  t r a c e  t r o p o s p h e r i c  species f rom space was r i g h t  f o r  a number o f  reasons, 
i n c l  u d i  ng: 

0 I n  1981, NASA sponsored a Conference on Tropospher ic  Pass ive Remote Sensing 
(see t a b l e  11).  Advances i n  pass ive  remote sensing, as w e l l  as i n  a c t i v e  
remote sensing (which was n o t  addressed a t  a l l  i n  t h e  1981 conference) ,  have 
been s i g n i f i c a n t  over  t h e  l a s t  5 years.  
c a l  progress i n  pass ive and a c t i v e  remote sensing over  t h e  l a s t  5 years  
suggested t h a t  t h e  t i m e  was a p p r o p r i a t e  f o r  a workshop on t h i s  s u b j e c t .  

The recent measurements by a s e r i e s  o f  sate1 1 i t e  exper iments (MAPS, SAGE 11 , 
and ATMOS) have demonstrated, f o r  t h e  f i r s t  t ime,  t h a t  c e r t a i n  t r o p o s p h e r i c  
t r a c e  species can, indeed, be measured f rom space. (These s a t e l l i t e  e x p e r i -  
ments a r e  b r i e f l y  summarized here.) 

The r a p i d  s c i e n t i f i c  and t e c h n o l o g i -  

MAPS i s  a nad i r -v iewing  gas f i l t e r  c o r r e l a t i o n  rad iometer  t h a t  f l e w  on 
two f l i g h t s  o f  t h e  Space S h u t t l e  (November 1981 and October 1984) and ob ta ined 
measurements o f  mid- t ropospher ic  l e v e l s  o f  carbon monoxide. MAPS, which i s  
d iscussed i n  t h i s  r e p o r t ,  was t h e  f i r s t  space m i s s i o n  ded ica ted  t o  measure- 
ments o f  a t r o p o s p h e r i c  t r a c e  gas. D r .  Henry G. Re ich le ,  Jr. of t h e  NASA 
Langley Research Center i s  t h e  P r i n c i p a l  I n v e s t i g a t o r  o f  MAPS (Re ich le  e t  a1 . , 
1982; and R e i c h l e  e t  al., 1986). 

SAGE I 1  i s  a l imb-v iewing  a b s o r p t i o n  spect rometer  i n  t h e  s o l a r  o c c u l t a -  
t i o n  mode which was launched on t h e  ERBS i n  October 1984. Al though p r i m a r i l y  
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a s t r a t o s p h e r i c  experiment, SAGE I 1  obtained measurements o f  water  vapor, 
ozone, and aerosols ,  down t o  t h e  mid and upper t roposphere.  SAGE I 1  i s  
d iscussed i n  t h i s  r e p o r t .  D r .  M. P a t r i c k  McCormick of t h e  NASA Langley 
Research Center i s  t h e  P r i n c i p a l  I n v e s t i g a t o r  o f  SAGE I 1  (Mauld in  e t  a l . ,  
1985; and Woodbury and McCormick, 1986). 

ATMOS, which i s  discussed i n  t h i s  r e p o r t ,  i s  a Michelson i n t e r f e r o m e t e r  
i n  t h e  s o l a r  o c c u l t a t i o n  a b s o r p t i o n  mode t h a t  f l e w  on SPACELAB 3 i n  Apr i l -May 
1985. L i k e  SAGE 11, ATMOS i s  p r i m a r i l y  a middle- to-upper  atmospher ic e x p e r i -  
ment t h a t  ob ta ined measurements o f  a number o f  t r a c e  species down t o  t h e  mid 
and upper t roposphere.  D r .  C. Barney Farmer o f  t h e  J e t  P r o p u l s i o n  Labora tory  
i s  t h e  P r i n c i p a l  I n v e s t i g a t o r  o f  ATMOS (Farmer and Raper, 1986; and Park 
e t  a l . ,  1986). 

The nex t  severa l  decades w i l l  be a per iod  o f  r i g o r o u s  p l a n n i n g  and assessment 
by NASA o f  E a r t h  observa t ions  f rom the Space S t a t i o n  and t h e  ded ica ted  E a r t h  
Observing System (EOS).  EOS i s  a proposed E a r t h  observa t ion  and i n f o r m a t i o n  
system, i n c l u d i n g  new observ ing  f a c i l i t i e s  and a da ta  system t o  pursue a 
comprehensive m u l t i d i s c i p l i n a r y  approach t o  s t u d y i n g  t h e  E a r t h  as a system. 
EOS i s  t e n t a t i v e l y  scheduled f o r  launch i n  t h e  mid 1990's (NASA, 1984). 

New n a t i o n a l  and i n t e r n a t  i onal concerns about i n c r e a s i  ng 1 eve l  s o f  t ropo- 
s p h e r i c  t r a c e  greenhouse gases t h a t  may impact t h e  g l o b a l  c l i m a t e  o f  our  p l a n e t  
developed (Kuhn, 1985; Ramanathan e t  a l . ,  1985; D ick inson e t  a l . ,  1986; and 
Wang e t  a l .  , 1986). 

Recent measurements i ndi  c a t e  t h a t  t ropospher ic  1 eve l  s o f  two chemical l y  a c t i  ve 
species,  methane and carbon monoxide, may have been i n c r e a s i n g  1 t o  2 percent  
over  t h e  l a s t  35 years  (Graedel and McRae, 1980; Rasmussen and K h a l i l ,  1981; 
K h a l i l  and Rasmussen, 1984; Rins land e t  a l . ,  1985; and R ins land and Levine, 
1985). 
decrease i n  t h e  t r o p o s p h e r i c  l e v e l s  o f  t h e  hydroxy l  r a d i c a l  (OH) o f  as much as 
25 percent  over t h e  l a s t  35 years (Levine e t  a1 ., 1985). As a l ready  noted, 
t h e  hydroxy l  r a d i c a l  i s  t h e  key chemical scavenger i n  t h e  t roposphere which 
c o n t r o l s  t h e  atmospher ic l i f e t i m e  o f  a lmost every t r o p o s p h e r i c  species.  

T h i s  inc rease i n  methane and carbon monoxide may have caused a 

An a c t i v e  ground-based/ai r c r a f t  program o f  t h e  chemis t ry  and meteorology o f  
t h e  g l  obal  t roposphere,  NASA's G1 obal Tropospher ic  Experiment (GTE) , was i n  
f u l l  progress and p r o v i d i n g  new i n f o r m a t i o n  on t h e  composi t ion and chemis t ry  
o f  t h e  t roposphere (McNeal e t  a l . ,  1983; Journa l  o f  Geophysical Research, 
Spec ia l  Sec t ion  on t h e  Global  Tropospher ic Experiment, 1985). The GTE i s  a 
key exper iment t o  c h a r a c t e r i z e  d i f f e r e n t  sources and s i n k s  o f  t r o p o s p h e r i c  
t r a c e  species,  an impor tan t  p r e r e q u i s i t e  t o  spaceborne measurements o f  
t r o p o s p h e r i c  speci  es . 
I n  1984 and 1985. two r e l e v a n t  Nat ional  Academ-y o f  Sciences r e p o r t s  appeared: 
( 1 )  Global  Tropospher ic  Chemistry: 
S t r a t e g y  f o r  E a r t h  Science From Space i n  t h e  1980's and 199O's, P a r t  TI: 
Atmosphere and I n t e r a c t i o n s  With the S o l i d  Ear th,  Oceans, and B i o t a  (1985). 

A P lan f o r - A c t i o n  (1984) and (2 )  A '  

The workshop was designed t o  consider,  assess, and respond t o  these recent  de- 
velopments i n  t r o p o s p h e r i c  chemistry,  advances i n  remote sensing technology,  and 
f u t u r e  m i s s i o n  p l a n n i n g  o p p o r t u n i t i e s .  A l l  o f  t h e  workshop p a r t i c i p a n t s  met as a 
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group on t h e  f i r s t  day of t h e  workshop and heard a s e r i e s  o f  13 overv iew presenta-  
t i o n s  cove r ing  t h e  recent  developments and a c t i v i t i e s  i n  t r o p o s p h e r i c  chemis t ry ,  
remote sensing i ns t rumen ta t i on ,  and m iss ion  p lanning.  These p resen ta t i ons  inc luded:  

e Workshop Ob jec t ives :  D r .  Robert J. McNeal, Manager, Tropospher ic  Chemist ry  
Program, EOD , OSSA, NASA Headquarters 

0 Tropospheric Chemistry: An Overview: Dr .  Joe l  S .  Levine, Atmospheric 
Sciences D i v i s i o n ,  NASA Langley Research Center 

0 Tropospheric Chemistry: NASA and t h e  Na t iona l  Program: D r .  Ronald G. P r inn ,  
Department o f  Ear th ,  Atmospheric, and P1 anetary  Sciences , Massachusetts 
I n s t i t u t e  o f  Technology 

e The Space S t a t i o n :  M r .  E. Lee T i l t o n ,  Space S t a t i o n  O f f i c e ,  NASA Headquarters 

0 The Ear th  Observing System: D r .  Dixon B u t l e r ,  EOD, OSSA, NASA Headquarters 

0 EOS and Tropospher ic  Chemistry: D r .  Vol k e r  A. Mohnen, Atmospheric Research 
Center, S t a t e  U n i v e r s i t y  o f  New York a t  Albany 

0 Gas F i l t e r  C o r r e l a t i o n  Radiometry: D r .  Henry G. Re ich le ,  Jr., Atmospheric 
Sciences D i  v i  s i  on , NASA Langley Research Center 

e I n t e r f e r o m e t r y :  D r .  C. Barney Farmer, E a r t h  and Space Science D i v i s i o n ,  J e t  
Propu ls ion  Labora tory  

Spectrometry: D r .  David G. Murcray, Department o f  Phys ics,  U n i v e r s i t y  o f  
Denver 

0 Spec t ra l  Radiometry and Tropospher ic  Aerosols :  D r .  Robert S .  Fraser ,  
Laboratory  f o r  Atmospheres, NASA Goddard Space F l i g h t  Center 

0 L i d a r  Measurements: D r .  Edward V. B rowe l l  , Atmospheric Sciences D i v i s i o n ,  
NASA Langley Research Center 

L i d a r  Technology: D r .  Dennis K. K i l l i n g e r ,  L i n c o l n  Labora tory ,  Massachusetts 
I n s t i t u t e  o f  Technology 

0 General Remote Sensor Technology Overview: 
E l e c t r o n i c s  D i  v i  s i  on , NASA Langley Research Center  

D r .  Frank A1 1 a r i  0, F1 i ght  

On t h e  second day o f  t h e  workshop, a l l  o f  t h e  p a r t i c i p a n t s  were ass igned 
These f o u r  panels  cons 

(The a f f i l i a t i o n  and address o f  each p a r t i c i p a n t  
t i c i p a t e  i n  one of four  ins t rument / techno logy  panels. 
t h e  f o l l o w i n g  p a r t i c i p a n t s .  
g i  ven i n  appendix B .) 

0 Spectrometry 

C. B. Farmer and D. G. Murcray (Chairmen) 
V. Abreu; 3. C. G i l l e ;  R. A. Hanel 
J. M. Hoel l ,  Jr.; J. A. Jamieson; H. Zwick 

t o  par-  
s t e d  o f  
a r e  
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0 Gas F i l t e r  C o r r e l a t i o n  Radiometry 

H. G. Re ich le ,  Jr. (Chairman) 
A. R. B a r r i n g e r ;  R. N ichols ;  3. M. Russel l  I 1 1  

0 S p e c t r a l  Radiometry and Tropospher ic Aerosols  

R.  S. F r a s e r  (Chai rman) 
M. Gr iggs; A. A. Lac is ;  L. R. McMaster 

0 L i d a r  Technology/Measurements 

E. V .  B r o w e l l  and D. K. K i l l i n g e r  (Chairmen) 
F. A l l a r i o ;  M. Br is tow;  H-Y Chiu; J .  3 .  Degnan; D. E. F i t z j a r r a l d  
W .  S. Heaps; C. L. Korb; 3. B. Laudenslager, M. P. McCormick 
I. S. McDermid; S. H. M e l f i ;  V .  A. Mohnen; R. P h i l b r i c k  
A. Rosenberg; M. M. Sokolosk i  

The f o u r  measurement technology p o s i t i o n  papers form t h e  b u l k  o f  t h i s  workshop 
r e p o r t .  
f rom t h e  l i d a r  measurement technology panel i s ,  by f a r ,  t h e  longes t .  T h i s  i s  due t o  
t h e  f a c t  t h a t  t h e  1981 NASA workshop o n l y  considered t h e  r o l e  of pass ive  remote sen- 
sors  i n  measurincl t roDosDher ic  t r a c e  sDecies f rom sDace (see t a b l e  I ) .  A c t i v e  remote 

As you w i l l  note, o f  t h e  f o u r  measurement technology r e p o r t s ,  t h e  r e p o r t  

sensors, i .e., l i d a r  systems, were n o t '  considered a t  a l l  . i n  t h e  e a r l i e r  workshop; - 
N81-18249 

* *  
FUTURE INSTRUMENTATION AND MISSIONS FOR MEASUREMENTS OF TLROPOSPHERI c 'TRACE 

SPECIES FROM SPACE: WORKSHOP RECOMMENDATIONS 

A f t e r  t h e  f o u r  ins t rument l techno logy  panels completed t h e i r  assessment o f  t h e  
avai  1 a b l e  and p r o j e c t e d  i n s t  rument poss i  b i  1 i t i  es and t h e  requ i  r e d  techno1 ogi  c a l /  
s c i e n t i f i c  a c t i v i t i e s  t o  accomplish these o b j e c t i v e s ,  a l l  o f  t h e  workshop p a r t i c i -  
pants  were d i v i d e d  i n t o  t h r e e  t ropospher ic  m i s s i o n  panels which c u t  across 
i nstrument / technol  ogy 1 i nes. (1 ) recommend a 
phased space-measurement program t o  meet the s c i e n t i f i c  needs o f  an aggress ive g l o b a l  
t r o p o s p h e r i c  chemis t ry  program f o r  t h r e e  t imeframes: t h e  present,  t h e  near t e r m  
(1986-1992), and from 1992-2000--the per iod  when t h e  EOS i s  scheduled t o  become oper- 
a t i o n a l ,  and (2)  recommend a suppor t ing  research and development program t o  ensure 
t h e  success fu l  accomplishment o f  t h e  o b j e c t i v e s  o f  (1) .  

t i o n s  t o  t h e  e n t i r e  workshop. 
mendations of  t h e  t h r e e  miss ion  panels were a lmost  i d e n t i c a l .  
and p o t e n t i a l  miss ions a r e  summarized here and i n  t a b l e  111. 

The miss ion  panel s were asked t o :  

A f t e r  t h e i r  d e l i b e r a t i o n s ,  t h e  t h r e e  miss ion  panels  r e p o r t e d  t h e i r  recommenda- 
Al though they d i f f e r e d  i n  t h e i r  approachs, t h e  recom- 

T h e i r  recommendations 

The workshop miss ions panels recommended t h a t  gas f i l t e r  c o r r e l a t i o n  rad iomet ry  
and h i g h - r e s o l u t i o n  i n t e r f e r o m e t r y  be e x p l o i t e d  and expanded f o r  measurements o f  t h e  
d i s t r i b u t i o n  of t r o p o s p h e r i c  t r a c e  gases. Such ins t ruments  and miss ions  were 
i d e n t i f i e d  and discussed by t h e  panels and severa l  instrument/measurement/mission 
f e a s i  b i  1 i t y  s t u d i e s  were recommended by the panel s ,  i n c l  u d i  ng: 

A t h r e e - l a y e r  ( lower ,  middle,  and upper t roposphere)  measurement o f  carbon 
monoxide, u s i n g  a nad i r -v iewing  gas f i l t e r  c o r r e l a t i o n  radiometer.  
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A lower  o r  midd le  t r o p o s p h e r i c  measurement o f  methane, u s i n g  a n a d i r - v i e w i n g  
gas f i l t e r  c o r r e l a t i o n  radiometer. 

e A survey o f  lower,  middle,  and upper t r o p o s p h e r i c  t r a c e  gases u s i n g  a n a d i r -  
v iewing  h i g h - r e s o l u t i o n  i n t e r f e r o m e t e r  o p e r a t i n g  i n  t h e  thermal emiss ion mode. 

The miss ion  panels a l s o  concluded t h a t  l i d a r  systems appear t o  have t h e  poten- 
t i a l  of o b t a i n i n g  measurements of t ropospher ic  t r a c e  gases and aeroso ls  f rom space. 
I n  a n t i c i p a t i o n  of t h e  a c t u a l  demonstrat ion o f  spaceborne l i d a r  measurements o f  
t r o p o s p h e r i c  t r a c e  gases and aerosol  s ,  severa l  1 i d a r  technology and measurement 
f eas i  b i  1 i t y  s t u d i  es were considered, i ncl  u d i  ng: 

0 F e a s i b i l i t y  s t u d i e s  t o  consider  t h e  p o t e n t i a l  o f  o b t a i n i n g  measurements o f  
t r o p o s p h e r i c  t r a c e  gases and aerosols f rom spaceborne l i d a r  systems. As 
d iscussed i n  t h i s  r e p o r t ,  t h e  L idar  Measurements and Technology Panel con- 
s i d e r e d  t r o p o s p h e r i c  measurements o f  t h e  d i s t r i b u t i o n  o f  aerosols ,  water  
vapor, ozone, carbon monoxide, methane, and, p o s s i b l y ,  ammonia, as w e l l  as 
column measurements o f  t ropospher ic  n i t r o g e n  d i o x i d e  and, p o s s i b l y ,  n i t r i c  
o x i d e  and s u l f u r  d iox ide .  

I n  addi  t i on t o  t h e  speci  f i c i nstrument/mi s s i  on recommendations, t h e  panel s made 
severa l  general  recommendations t h a t  may l e a d  t o  f u t u r e  spaceborne ins t ruments ,  tech-  
n i  ques, and m i  s s i  ons f o r  t ropospher i  c chemi s t  ry research. 

1 i n  more a c c u r a t  and/.of f a s t e r  a lgor i thms and techniques f o r  t h e  r e t r i e v a l  and 
: i # v & s f a  -of * s p k e @ r n e  r a d i a t i v e  data f o r  f u t u r e  t r o p o s p h e r i c  miss ions and i n  t h e  
pojSii b l e  development o f  new technologies f o r  spaceborne measurements o f  t r o p o s p h e r i c  f 
t r a c e  gases. The panels recommended research i n t o  t h e  f o l l o w i n g  areas: 

T h i s  research may r e s u l t  

0 B a s i c  s t u d i e s  i n  t r o p o s p h e r i c  r a d i a t i v e  t r a n s f e r  and spectroscopy, e.g., l i n e  
m i x i n g  i n  carbon d iox ide ,  l i n e  shapes ( e s p e c i a l l y  f o r  water  vapor) ,  and t h e  
behav io r  o f  t h e  continuum. 

@ B a s i c  research and development i n  d e t e c t o r s ,  coo le rs ,  and s u b m i l l i m e t e r  and 
microwave components f o r  t h e  next genera t ion  o f  t r o p o s p h e r i c  spaceborne 
i n s t r u m e n t a t i o n ;  b a s i c  research and development aimed a t  improv ing e x i s t i n g  
l a s e r  e f f i c i e n c y ,  l i f e t i m e ,  and s p e c t r a l  q u a l i t y  and t h e  development o f  new 
l a s e r s  f o r  spaceborne measurements o f  t r o p o s p h e r i c  gases. 

Spaceborne miss ions f o r  t ropospher ic  t r a c e  gases and aeroso ls  p r e s e n t l y  a v a i l -  
a b l e  and p r o j e c t e d  f o r  t h e  f u t u r e  a r e  summarized i n  t a b l e  111. 

A summary o f  t h e  workshop, i n c l u d i n g  a d i s c u s s i o n  of t h e  s c i e n t i f i c  and techno- 
1 o g i  c a l  c h a l  1 enges o f  o b t a i  n i  ng measurements o f  t ropospher i  c t r a c e  gases and aerosol  s 
from space, was r e p o r t e d  i n  a paper presented a t  t h e  American Meteoro log ica l  S o c i e t y  
Second Conference on S a t e l l i t e  MeteorologylRemote Sensing and A p p l i c a t i o n s ,  
Wi l l iamsburg,  V i r g i n i a ,  May 13 t o  16, 1986 (Lev ine e t  al., 1986). 
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TABLE I .  - TROPOSPHERIC TRACE GAS MEASUREMENTS FROM SATELL ITES 

(National Academy o f  Sciences (1985) 

First Level 

H2O 

03 

co 

CH4 

Second Level 

N2O 

NO2 

"3 

so2 

Chl orofl uoromethanes 

HC a. 

Concentration (V/V 1 

0.05- 0.04 

40 -100 ppb 

0.05- 0.3 ppm 

1.7 ppm 

0.3 ppm 

0.01- 10 ppb 

0.1 - 1 ppb 

0.05- 1 ppb 

0.2 ppb 

0.1 - 1 ppb 



TABLE I I. - NASA WORKSHOPS AND REPORTS ON TROPOSPHERIC CHEMISTRY 

( L i  s t e d  i n  Chronol o g i c a l  Order ) 

Levine, J. S. and D. R. Schryer (eds.), Man's Impact on t h e  Troposphere - 
Lec tu res  i n  Tropospher ic  Chemistry, NASA Reference P u b l i c a t i o n  1022, 376 
pages, 1978. 

S e i n f e l d ,  J.  H., F. A l l a r i o ,  W. R. Bandeen, W. L. Chameides, D. D. Davis, 

E. D. H ink ley ,  and R. W. Stewart,  Report o f  t h e  NASA Working Group on Tropo- 

spher i c  Program Planning, NASA Reference Publ i c a t i o n  1062, 161 pages, 1981. 

Schryer, D. R. (ed. ) , Heterogeneous Atmospheric Chemistry (Proceedings o f  a 

workshop he ld  i n  Albany, NY, June 29-July 3, 19811, Geophysical Monograph 26, 
American Geophysical Union, Washington, DC, 274 pages, 1982. 

NASA, App ly ing  Model ing Resu l t s  i n  Designing a Global  Tropospher ic Experiment 

(Proceedings o f  a workshop h e l d  i n  V i r g i n i a  Beach, VA, J u l y  15-16, 19811, NASA 

Conference Publ i c a t i o n  2235, 94 pages, 1982. 

Keafer,  L. S .  (ed.), Tropospher ic Passive Remote Sensing (Proceedings o f  a 

workshop h e l d  i n  V i r g i n i a  Beach, VA, J u l y  20-23, 19811, NASA Conference P u b l i -  

c a t i o n  2237, 94 pages, 1982. 

NASA, Assessment o f  Techniques f o r  Measuring Tropospher ic  N 0 

ceedings o f  a workshop h e l d  i n  Palo A1 to ,  CA, Aug. 16-20, 1982, 62 pages, 

(Pro- 

1983. 

H o e l l ,  J. M. (ed.) ,  Assessment o f  Techniques f o r  Measur ing Tropospher ic 

H 0 (Proceedings o f  a workshop h e l d  i n  Palo A l t o ,  CA, Aug. 16-20, 19821, 
xy 
NASA Conference Publ i c a t i o n  2332, 138 pages, 1984. 

Crosley,  D. R. and J .  M. Hoe l l  ( e d s . ) ,  Fu tu re  D i r e c t i o n s  f o r  H 0 

De tec t i on  (Proceedings of a workshop h e l d  i n  Menlo Park,  CA, Aug. 1985), 
X-Y 

NASA Conference Publ i c a t i o n  2448 65 pages 1986. 



: * <  , 
. ' TABLE' I I I .- TROPOSPHERIC MISSIONS: 1985-2000 - ,  . .  

. I  

Species 

1. Past  and Presen t  

C O  (Mid Trop.) 

H20, 03, Aerosols 
(Mid t o  Upper. Trop.) 

Several Gases (Mid 
t o  Upper Trop. 1 

I n s t r u m n t  

MAPS 

SAGE I 1  

ATMOS 

Aeroso ls  
AVHRR 

V ISRR 

Mu1 t i s p e c t r a l  
Sen sor s 

2. P o t e n t i a l  Future Near-Term M iss ions  (Through 1992) 

C O  (Three Layers: Gas F i l t e r  Cor re la -  
(Lower, Middle,  and t i  on Radiometer-- 
Upper Trop. ) Nadi r - V i e w i  ng Mode 

CH4 (Lower o r  
M idd le  Trop. ) 

Gas F i l t e r  Corre l  a- 
t i o n  Radiometer-- 
Nadi r - V i  e w i  ng Mode 

Several  Gases High Reso lu t ion  I n t e r -  
(Lower, Midd le ,  ferometer--Thermal 
and Upper Trop. E m i  s s i  on Mode) 

Aerosols LITE (L ida r  i n  Space 
Techno1 ogy Exper i  - 
men t 

Corments 

Flown on Space Shu t t l e - -  

(Nov. 1981; Oct. 1984) 
two f l i g h t s  

On ERBS 
(Launched Oct. 1984 ) 

SPACELAB 3 
( A p r i  1 -May 1985 

NOAA P o l a r - O r b i t i n g  Opera- 
ti onal  Environmental 
S a t e l l i t e  (POES) 

NOAA Geosta t ionary  
Opera t iona l  Env i ron-  
mental Sate1 1 i t e  (GOES 1 

LANDSAT 

Should be s t u d i e d  

Should be s t u d i e d  

Should be s tud ied  

Planned f o r  1989 f l i g h t  o f  
Space S h u t t l e  as a tech- 
no1 ogy demonstrat ion 
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SPECTROMETRY: REPORT OF PANEL NS7- 1 8 2 5 0  . 

C. B .  Farmer* and D. G. Murcray* (Chairmen) 
V. Abreu; J. C. G i l l e ;  R. A. Hanel 

J. M. H o e l l ,  Jr.; J .  A. Jamieson; H. Zwick 

INTRODUCTION** 

I n  1981 a workshop was h e l d  i n  V i r g i n i a  Beach, VA, t o  assess t h e  r o l e  t h a t  
p a s s i v e  remote sensing might p l a y  i n  t r o p o s p h e r i c  chemistry.  
o f  t h a t  workshop a r e  p e r t i n e n t  t o  t h i s  workshop, they  w i l l  be summarized, and some 
data  t h a t  have become a v a i l a b l e  s i n c e  t h a t  t i m e  w i l l  be presented. 
p o s s i b l e  pass ive remote sensing techniques a r e  summarized. Note t h a t  t h e  techn iques  
a r e  s p l i t  i n t o  two v iewing geometr ies- - l imb v iewing  and n a d i r  v iewing. 
ins t rument  requirements and c a p a b i l i t i e s  a r e  q u i t e  d i f f e r e n t  f o r  t h e  two geometries, 
t h e  ins t rument  d iscuss ion was i n i t i a l l y  s p l i t  accord ing  t o  t h e  v iewing  geometry. It 
was f u r t h e r  s p l i t  as shown i n  t h e  f i g u r e  i n t o  rad iomet ry  and spectrometry.  These 
c a t e g o r i e s  were f u r t h e r  subd iv ided accord ing  t o  ins t rument  type.  

Because t h e  conc lus ions  

I n  f i g u r e  1 t h e  

S ince  t h e  

The main advantage o f  l i m b  v iewing  i s  t h e  narrow w e i g h t i n g  f u n c t i o n  ( h i g h -  
a l t i t u d e  r e s o l u t i o n )  and enhanced s e n s i t i v i t y  due t o  t h e  l o n g  atmospher ic path.  The 
major  disadvantage i s  t h e  l a c k  o f  h o r i z o n t a l  s p a t i a l  r e s o l u t i o n  and, f o r  t r o p o s p h e r i c  
measurements, the p r o b a b i l i t y  t h a t  c louds i n  t h e  f i e l d  o f  view w i l l  l i m i t  t h e  amount 
o f  da ta  obtained. The geometry o f  t h e  two paths and t h e  p r o b a b i l i t y  o f  o b t a i n i n g  
t r o p o s p h e r i c  data a re  shown i n  f i g u r e s  2 and 3. Table I V  shows t h e  assessment made 
a t  t h e  workshop o f  t h e  p o t e n t i a l  o f  t h e  var ious  sensors f o r  long- te rm measurements. 
The measurement requirements p laced on t h e  sensors a t  t h i s  workshop were f a i r l y  
s t r i n g e n t  as t o  the s p a t i a l  coverage des i red .  Based on t h i s  requirement,  l i m b  view- 
i n g  as a p o s s i b l e  measurement techn ique was r u l e d  ou t  and emphasis was p laced on 
n a d i r  v iewing. The var ious  nadi  r - v i e w i n g  techniques were compared. 
t h i s  comparison are g iven i n  t a b l e  V. Note t h a t  t h i s  t a b l e  i s  based on t h e  con- 
s t r a i n t  o f  a narrow ins t rument  f i e l d  o f  view and an assoc ia ted  r a p i d  d e t e c t o r  
response. 
techniques and a lso t h e  t e c h n o l o g i c a l  t h r u s t s  needed f o r  t h e  ins t rument  t o  meet t h e  
perce ived measurement r e q u i  rements. 

The r e s u l t s  o f  

The t a b l e  g ives  t h e  advantages and disadvantages o f  t h e  var ious  sensing 

I n  rev iewing  these conclus ions,  one f i n d s  t h a t  severa l  t h i n g s  have occurred 
d u r i n g  t h e  i n t e r v e n i n g  p e r i o d  which s i g n i f i c a n t l y  change some o f  t h e  conclus ions.  
The f i r s t  i s  t h e  r e a l i z a t i o n  t h a t  t h e  s o l a r  o c c u l t a t i o n  techn ique w i l l  y i e l d  da ta  on 
t h e  upper t ropospher ic  d i s t r i b u t i o n  o f  severa l  c o n s t i t u e n t s  o f  i n t e r e s t  i n  t r o p o -  
s p h e r i c  chemistry.  The measurements ob ta ined by t h e  SAGE I 1  s a t e l l i t e  ( p a r t i c u l a r l y  
on upper t ropospher ic  water vapor)  show t h a t  t h e  da ta  a r e  ob ta ined on t h e  t r o p o -  
s p h e r i c  d i s t r i b u t i o n  o f t e n  enough t o  g i v e  s u f f i c i e n t  g l o b a l  coverage t o  be o f  i n t e r -  
e s t  i n  t ropospher ic  chemist ry .  The recent  r e s u l t s  (Park e t  a l . ,  1986) ob ta ined by 
ATMOS, w h i l e  a much s m a l l e r  geographic da ta  s e t ,  s t i l l  demonstrated t h a t  d a t a  a re  
ob ta ined on t h e  upper t roposphere o f t e n  enough t o  war ran t  use o f  such measurement 
techniques f o r  t ropospher ic  chemist ry .  When one agrees t h a t  l imb-v iewing  geometry 

*Prepared panel repor t .  
**Prepared by D. G. Murcray. 
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can be used f o r  t r o p o s p h e r i c  measurement , then t h e  ins t rument  requirements change, 
p a r t i c u l a r l y  t h e  s p e c t r a l  r e s o l u t i o n  which i s  r e q u i r e d  f o r  t h e  survey- type i n s t r u -  
ment. Recent r e s u l t s  (Murcray e t  a l . ,  1985) ob ta ined w i t h  ba l loon-borne ins t ruments  
a l s o  i l l u s t r a t e  t h e  p o i n t .  Thus i n  f i g u r e  4, which shows severa l  s p e c t r a  ob ta ined 
d u r i n g  sunset f rom b a l l o o n  a l t i t u d e ,  i t  i s  apparant t h a t  r e s o l u t i o n  o f  4 .02  cm'l i s  
r e q u i r e d  t o  separate t h e  s p e c t r a l  f e a t u r e  due t o  F-22 f rom t h e  i n t e r f e r i n g  a b s o r p t i o n  
due t o  o t h e r  compounds. Data concern ing t h e  s p e c t r a l  emiss ion f rom t h e  E a r t h ' s  l i m b  
and a l s o  i n  t h e  n a d i r - v i e w i n g  mode have been ob ta ined r e c e n t l y  by two groups (Univer-  
s i t y  o f  Denver and Goddard Space F l i g h t  Center, Murcray e t  a l . ,  1983; Murcray, 1984; 
Goldman e t  a1 ., 1984; and Kunde e t  a1 ., 1985). A p o r t i o n  o f  a l i m b  scan ob ta ined by 
t h e  U n i v e r s i t y  o f  Denver group i s  shown i n  f i g u r e  5. T h i s  shows t h e  s t r o n g  emiss ion 
due t o  F-12 i n  t h e  lower  s t r a t o s p h e r e  under t h i s  v iewing  geometry. F i g u r e  6 shows 
t h i s  s p e c t r a l  r e g i o n  under n a d i r  v iewing. Note t h a t  a l though t h e  f e a t u r e  i s  much 
l e s s  prominent,  t h e  a b s o r p t i o n  due t o  F-12 i s  c l e a r l y  i d e n t i f i a b l e  i n  t h e  spect ra.  
Again, r e s o l u t i o n  b e t t e r  than 0.1 cm'l i s  needed t o  separate s p e c t r a l  f e a t u r e s  f rom 
i n t e r f e r e n c e s .  These s p e c t r a  a l s o  show the need f o r  h i g h - r e s o l u t i o n  s p e c t r a l  survey 
da ta  t o  be o b t a i n e d  d u r i n g  e a r l y  s a t e l l i t e  miss ions  i n  o r d e r  t o  f u l l y  understand t h e  
d a t a  ob ta ined by species s p e c i f i c  instruments.  

SOME SPECTROMETRI c TECHNIQUES~ 

Spect roscop ic  techniques a r e  d e f i n e d  here as those methods which record  a con- 
t i n u o u s  p o r t i o n  o f  t h e  e m i t t e d  o r  t r a n s m i t t e d  spectrum c o n t a i n i n g  s p e c t r a l  f e a t u r e s  
o f  a number o f  t r o p o s p h e r i c  gases o f  i n t e r e s t ;  thus,  t h e  d i s t i n c t i o n  i s  made between 
" s p e c i e s - s p e c i f i c "  and "survey"  instruments.  Whi le t h i s  c l a s s i f i c a t i o n  may appear t o  
be a r b i t r a r y  f rom some p o i n t s  o f  view, i t s  purpose becomes c l e a r e r  i n  t h e  contex t  o f  
t h e  e v o l u t i o n  o f  remote sensing techniques, i n  which a d e t a i l e d  knowledge o f  t h e  
a b s o r p t i o n  o r  emission spectrum i s  an e s s e n t i a l  p r e c u r s o r  t o  t h e  des ign o f  a species- 
spec i  f i c i nstrument . The spec t roscop ic  inst ruments o f  i n t e r e s t  here  i n c l  ude G r a t i n g  
spectrometers,  F o u r i e r  Transform spectrometers (usual  l y  Miche l  son i n t e r f e r o m e t e r s )  , 
and scanned Fabry-Perot  i n t e r f e r o m e t e r s .  

Once t h e  molecu la r  c o n s t i t u e n t s  and the a n c i l l a r y  p h y s i c a l  parameters t o  be 
measured have been c l e a r l y  def ined,  together  w i t h  t h e i r  r e q u i r e d  s p a t i a l  and temporal  
coverage, t h e r e  i s  a s t r o n g  m o t i v a t i o n  t o  develop methods which a r e  op t im ized ( i n  
terms o f  t h e  assoc ia ted  data r a t e s )  f o r  these s p e c i f i c  measurements. I n  general  , 
spect roscop ic  techniques a r e  n o t  economic i n  t h e i r  use o f  da ta  t ransmiss ion  and s t o r -  
age systems when they  a r e  used t o  moni tor  s i n g l e  c o n s t i t u e n t s  o r  p h y s i c a l  parameters. 
T h e i r  g r e a t e s t  va lue  i s  i n  t h e  e a r l y  development phase o f  t h e  program when t h e  
d e t a i l e d  s p e c t r a l  environment ( i  .e. , l o c a l  continuum c h a r a c t e r i s t i c s ,  i n t e r f e r e n c e  
f rom o t h e r  minor  o r  t r a c e  c o n s t i t u e n t s ,  etc.) must be understood i n  o r d e r  t h a t  t h e  
des ign o f  a speci  es-speci f i c  ins t rument  and i t s  da ta  a n a l y s i s  procedures can be 
worked o u t  c o r r e c t l y  and w i t h  adequate understanding o f  t h e  d e t a i l s  o f  t h e  r a d i a t i v e  
t r a n s f e r  i n  t h e  chosen s p e c t r a l  reg ion.  

A q u e s t i o n  which a r i s e s  i n  assessing t h e  r o l e  o f  spec t roscop ic  methods i n  remote 
sensing i n v o l v e s  c o n s i d e r a t i o n  o f  t h e  modes o f  observa t ion  (i.e., l i m b  versus n a d i r  
v iewing,  and emiss ion versus absorp t ion  measurements) and t h e  r e l a t i v e  m e r i t s  o f  t h e  

tPrepared by C. B. Farmer. 
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a v a i l a b l e  ins t rumenta l  techniques (e.g. , i n t e r f e r o m e t e r s  versus g r a t i n g  spectrom- 
e t e r s ) .  A complete d i s c u s s i o n  of t h e  a p p l i c a b i l i t y  o f  these o p t i o n s  i s  beyond t h e  
scope o f  t h i s  document; as might  be expected, however, each combinat ion of ins t rument  
and observ ing  technique has i t s  own range o f  c o n d i t i o n s  over  which i t  has s u p e r i o r  
performance. 
v iewing,  s o l a r  o c c u l t a t i o n  mode and a r e  thus  l i m i t e d  t o  l o c a l  s u n r i s e  and sunset 
t imes;  a g a i n s t  t h i s  they  are  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  atmospher ic temperature 
a long t h e  l i n e  o f  s i g h t  and a r e  capable o f  h i g h  q u a n t i t a t i v e  accuracy. Emission 
measurements can be made e i t h e r  v iewing  t h e  atmosphere c l o s e  t o  t h e  l i m b  t o  g a i n  t h e  
s e n s i t i v i t y  advantage of t h e  l o n g  atmospher ic paths g iven by t h i s  geometry, or down- 
l o o k i n g  (near-nadi r  v iewing)  t o  o b t a i n  b e t t e r  s p a t i a l  r e s o l u t i o n .  Measurements made 
i n  emiss ion a r e  more prone t o  e r r o r s  assoc ia ted  w i t h  u n c e r t a i n t i e s  i n  t h e  knowledge 
o f  t h e  atmospheric temperature a long t h e  l i n e  o f  s i g h t .  L imb-viewing observa t ions  
( i n  b o t h  emission and a b s o r p t i o n )  a r e  capable o f  b e t t e r  v e r t i c a l  r e s o l u t i o n  (a2 km) 
than a r e  n a d i r  observat ions (on t h e  o r d e r  o f  one pressure  s c a l e  h e i g h t ) ;  by c o n t r a s t ,  
t h e  h o r i z o n t a l  sampling dimension f o r  l i m b  observa t ions  i s  t y p i c a l l y  200 t o  300 km, 
whereas n a d i r  observat ions can be made i n  some circumstances w i t h  h o r i z o n t a l  sca les  
on t h e  o r d e r  o f  10 km. 

I n  general ,  absorp t ion  measurements can o n l y  be made i n  t h e  l imb-  

Recent ly ,  several  remote sensing spec t roscop ic  techniques have been used suc- 
c e s s f u l l y  t o  f u l l y  record  t h e  composi t ion o f  t h e  t roposphere f rom space, u s i n g  p r i n -  
c i p a l l y  l imb-v iewing methods (e.g. , SAGE and ATMOS); t h e  r e s u l t s  have demonstrated 
t h e  a b i l i t y  t o  make r e l i a b l e  q u a n t i t a t i v e  de terminat ions  of t h e  v e r t i c a l  d i s t r i b u -  
t i o n s  o f  bo th  minor and t r a c e  c o n s t i t u e n t s .  
measurements o f  H20 vapor, CH4, N20, halogen source species (CFMS, CCl4, etc.)  and 
aerosols .  
a b s o r p t i o n  mode; f i g u r e  7 i l l u s t r a t e s ,  i n  b a r  graph form, t h e  l a r g e  number o f  d i f f e r -  
e n t  mo lecu la r  species seen i n  t h e  ATMOS data  and t h e  a l t i t u d e  ranges over  which t h e i r  
c o n c e n t r a t i o n  p r o f i l e s  can be measured. F i g u r e  8 shows an example o f  t h e  da ta  f o r  a 
s p e c t r a l  r e g i o n  which i n c l u d e s  an unresolved band o f  CFC13 (Freon 11). 

Whi le  t h e  usefulness o f  l imb-v iewing  measurements i s  l i m i t e d  by t h e  presence o f  
t r o p o s p h e r i c  clouds, t h e  exper ience gained thus  f a r  suggests t h a t  measurements i n  t h e  
upper t roposphere ( i  .e., a t  a l t i t u d e s  above 5 km) a r e  f r e q u e n t l y  p o s s i b l e ,  e s p e c i a l l y  
a t  m i d - l a t i t u d e s ,  and t h a t  a l l  a l t i t u d e s  a r e  a c c e s s i b l e  some o f  t h e  t ime.  Thus, t h e  
o f t e n - c i t e d  l i m i t a t i o n  o f  atmospher ic o p a c i t y  i s  f a r  outweighed by t h e  proven advan- 
tages o f  t h e  l imb-v iewing  a b s o r p t i o n  spectroscopy method, i t s  i n h e r e n t  accuracy, good 
v e r t i c a l  r e s o l u t i o n ,  and t h e  wide range o f  species t h a t  can be measured. 

Notab le  r e l e v a n t  examples i n c l u d e  

The ATMOS exper iment u t i  1 i zes a M i  che l  son i n t e r f e r o m e t e r  i n t h e  1 imb 

t i  ve 
spec 
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I n  summary, spect roscopic  measurements a r e  r e q u i r e d  t o  d e f i n e  t h e  s p e c t r a l  back- 
ground and prov ide  t h e  d e t a i l e d  s p e c t r a l  i n f o r m a t i o n  t h a t  i s  e s s e n t i a l  f o r  t h e  des ign 
o f  s p e c i e s - s p e c i f i c  systems and t h e  a n a l y s i s  o f  da ta  ob ta ined f rom them. 
f u n c t i o n  o f  spect roscopic  measurements i s  expected t o  be an impor tan t  p a r t  o f  any 
t r o p o s p h e r i c  remote-sensing program, and bo th  emiss ion and a b s o r p t i o n  spectroscopy 
a r e  r e l e v a n t  i n  t h i s  context .  
s p h e r i c  sc ience i n  t h e i r  own r i g h t ,  d u r i n g  t h e  i n i t i a l  phases w h i l e  s p e c i e s - s p e c i f i c  
techniques and inst ruments a r e  under development. 
unreso lved problems i n  t r o p o s p h e r i c  r a d i a t i v e  t r a n s f e r  and spectroscopy (a few 
examples o f  which are  l i n e  m i x i n g  i n  CO2, l i n e  shapes ( e s p e c i a l l y  f o r  H20), and t h e  
behav io r  o f  cont inua)  which p r e s e n t l y  1 i m i  t t h e  accuracy and re1 i a b i  1 i t y  of a1 1 
remote sensing methods. Only through a s u p p o r t i n g  program o f  spec t roscop ic  measure- 
ments can progress be made i n  improv ing our  understanding of these aspects o f  r a d i a -  

t r a n s f e r  and u l t i m a t e l y  reaching t h e  d e s i r e d  conf idence i n  t h e  accuracy o f  

T h i s  

The da ta  f rom such observa t ions  a r e  of va lue  t o  t r o p o -  

I n  a d d i t i o n ,  t h e r e  a r e  a number of 

es-speci  f i c moni t o r i  n g  techniques. 
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TABLE 1V.- PASSIVE REMOTE SENSING CONCEPTS 

Generic sensor types Potential long-term measurement roles Heritage 

Species-specific sensors: Long-term use of proven concepts for selected measurements: 

Optical filter radiometer Nadir view: Profiles of temp., H20 vapor, 
radiometer Burden of ozone, aerosol optical thickness 

Limb view: Upper trop. profiles of aerosols and ozone 

Gas filter radiometer Nadir view: Two-layer measurements of CO, CHq 
Limb view: Upper trop. feasibility TBD 

Fabry-Perot 
f i 1 t er rad iome t e r Nadir view: Limited long-term role 

Limb view: Limited long-term role 

Correlation grating Nadir view: Limited long-term role 
spectrometer 

SSH, HIRS 
TOMS, MSS, AVHRR 
SAM 11, SAGE, LIMS 

MAPS 
HALOE 

CLAES 

COSPEC 

Laser heterodyne 
techniques 

Nadir view: Geosync. orbit Limited role in penetrating 
Limb view: Geosync. orbit large strat. concentrations 

to trop. e.g., 03, HN03 

Spectral survey sensors: Preferred long-term concepts for max. measurement capability: 

Many species and temp. profiles in 3.5- 
to 15-pm spectral ran e with spectral 
resolution of 0.1 cm-' or better 

Grating spectrometer Nadir view: 

Interferometer 
Limb view: 

IHR 

LH S 

SBUV 
SIRS B 

IRIS 
ATMOS 

TABLE V.- COMPARISON OF NADIR-SENSING TECHNIQUES 

Type Advantages Disadvantages Technology needs 

Gas filter radiometry 

I 1  types Low data rate NO detailed Gas filter test cella 
spectra 

Hinimal data Limited temper- Linear, high-dynamic-range 

High through- Test cells Highly uniform optical 
reduction ature profiles detectors 

pat (spectral limited elements 
and angular) Species fixed 

after launch 
~~ ~ ~ 

Broadband spectrometry 

11 types Detailed High data rate On-board smart processing 
spectral data and processing Cryogenicsfcooling 

Survey data Complex 
Vertical dis- calibration 

crimination Complex optical 
train 

Requires long 
stability 

Angle 8C." 

rating Simple Needs line array IO' element arrays 
(with linear mechanism for sensitivity Large gratings 
array) Large area 

gratings 

nterfera- High through- Beckground Witigation of back- 
ground fluctuations 

Lifetime of hltieperture, multi- 
high-scan-rate band interferometer 
reflector 

PU t fluctuations meter 

In-f 1 igh t B 1 ignment 
verification 

Narrow-band spectrometrv 

riser High spectral Limited tuning Tunable lasers and 
heterodyne resolution range heterodyne 
spectroscopy for vertical arrays 

diserimine- 
cion 

mbry-Perot S imp1 ic i t y Limited tuning Improved coatings at 
range long wavelengths 

Temperature 
atability 
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F i g u r e  1.- Passive remote sensing t r e e  showing gener i c  
techniques,  v iew i  ng geometries, and assoc ia ted  
sources. 
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F i g u r e  2.- Comparison o f  l i m b  and n a d i r  viewing. 
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PRELIMINARY A N A L Y S I S  OF JAN 1980 

1.oi- SAGE 1.0 p m  MEASUREMENTS 
D O W N  TO 6 k m  

LATITUDE 

Figure 3 . -  Probab i l i t y  of limb-viewing measurements i n  the troposphere. 
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Figure 4.- So la r  spectra i n  the 825-835 cm-l region, obtained 
during a balloon f l i g h t  on 23 March 1981, from Holloman AFR,  
New Mexico, w i t h  the University of Denver interferometer 
system a t  m 0 . 0 2  cm" resolution. The a l t i t ude  and  solar  
zenith angles are indicated on the spectra. Zero levels 
are offset  for c l a r i t y .  
marked w i t h  an arrow. 

The 829 cm-l F-22 Q-branch i s  
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F igure  5.- Atmospheric emission from t h e  E a r t h ' s  l imb as observed from a 
balloon. Balloon a1 t i t u d e  30 km, viewing angle -3 l/z0. 

900.00 9 I O . 0 0  920.00 930.00 940.00 

WAVENUMBER (cm-'1 

F igure  6.- Earth emission spectra as observed from a 
balloon a t  30 km. 
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F i g u r e  7.- Atmospheric minor  and t r a c e  species d e r i v e d  f rom t h e  ATMOS 
data, separated i n t o  chemical f a m i l i e s  and i n d i c a t i n g  t h e  a l t i t u d e  
regions over  which p r o f i l e s  o f  c o n c e n t r a t i o n  have been r e t r i e v e d .  

F i g u r e  8.- Por t ions  o f  f o u r  spec t ra  i n  t h e  r e g i o n  of 830 t o  870 cm" showing l a r g e  
unresolved spect ra l  fea ture  of Freon 11 i n  t h e  l o w e r  t h r e e  t r a c e s  which were 
made a t  tangent a l t i t u d e s  o f  15, 9, and 5 km. 
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GAS FILTER CORRELATION RADIOMETRY: REPORT OF PANEL 

* 
H. G. Reich le,  J r .  (Chairman) 

A. A.  B a r r i n g e r ,  R. Nichols,  and J .  M. Russe l l  111 

To measure t h e  c o n c e n t r a t i o n  o f  a gas i n  t h e  t roposphere,  t h e  gas f i l t e r  radiom- 
e t e r  c o r r e l a t e s  t h e  p a t t e r n  of t h e  s p e c t r a l  l i n e s  o f  a sample o f  gas conta ined w i t h i n  
t h e  ins t rument  w i t h  t h e  p a t t e r n  of t h e  spec t ra l  l i n e s  i n  t h e  u p w e l l i n g  r a d i a t i o n .  I t  
has very-high-energy throughput ,  and i t  i s  ab le  t o  t a k e  advantage o f  m u l t i p l e x i n g  
s i n c e  a l l  wavelengths w i t h i n  t h e  r a t h e r  broad passband reach t h e  d e t e c t o r  a t  t h e  same 
t ime.  The e f f e c t i v e  r e s o l u t i o n  can be made very h i g h  s i n c e  i t  i s  determined by t h e  
p r o p e r t i e s  o f  t h e  i n t e r n a l  gas c e l l .  Because t h e  ins t rument  does use i n t e r n a l  gas 
c e l l s  as sources o f  t h e  re fe rence spect ra,  any s i n g l e  ins t rument  can o n l y  measure a 
l i m i t e d  number o f  gases. I n  general ,  ins t ruments can be b u i l t  t h a t  a r e  rugged and 
l i g h t w e i g h t ,  r e q u i r e  modest amounts o f  power, and have low data  ra tes .  

A schematic diagram o f  a genera l i zed  gas f i l t e r  rad iometer  i s  shown i n  f i g u r e  9. 
Energy t h a t  has been e m i t t e d  by o r  r e f l e c t e d  f rom a background t a r g e t  i s  t r a n s m i t t e d  
th rough t h e  atmosphere t o  t h e  inst rument .  The i n d i v i d u a l  gases w i t h i n  t h e  atmosphere 
s e l e c t i v e l y  absorb and re-emi t  t h e  energy i n  a p a t t e r n  o f  l i n e s  t h a t  i s  un ique t o  
each p a r t i c u l a r  gas. I f  t h e  atmosphere i s  c o o l e r  than t h e  r a d i a t i o n  source, which 
may be e i t h e r  t h e  Sun o r  t h e  sur face  o f  the Ear th,  t h e  gas removes a n e t  amount o f  
energy f rom t h e  beam, and t h e  l i n e s  a r e  seen as a b s o r p t i o n  l i n e s .  I f  t h e  atmosphere 
i s  warmer t h a n  t h e  source, t h e  gas c o n t r i b u t e s  a ne t  amount o f  energy t o  t h e  beam, 
and t h e  l i n e s  a r e  seen as emission l i n e s .  I f  t h e  gas i n  t h e  atmosphere i s  a t  t h e  
same temperature as t h e  r a d i a t i o n  source, t h e  gas emi ts  an amount o f  energy equal t o  
t h a t  which i t  absorbs and, hence, t h e  atmospheric gas cannot be seen. C l e a r l y ,  
exper iments t h a t  use r e f l e c t e d  s u n l i g h t  always opera te  i n  absorpt ion.  A f t e r  b e i n g  
gathered by t h e  f o r e o p t i c s ,  t h e  energy passes th rough t h e  gas c e l l  modulator  t o  t h e  
d e t e c t o r s .  I n  most o f  t h e  ins t ruments  now be ing  used, t h e  s i g n a l  i s  synchronously 
de tec ted  a t  t h e  modulator f requency a t  the d e t e c t o r  ou tpu t .  T h i s  s i g n a l  i s  r e l a t e d  
t o  t h e  degree o f  c o r r e l a t i o n  between t h e  absorp t ion  l i n e s  i n  t h e  incoming energy and 
t h e  a b s o r p t i o n  l i n e s  o f  t h e  gas contained i n  t h e  modulator.  

The ins t ruments  c u r r e n t l y  i n  use can be d i v i d e d  i n t o  two b a s i c  types, depending 
upon t h e  t y p e  o f  gas c e l l  modulator used. 
a l l y  based upon t h e  p r i n c i p l e  used i n  the  S e l e c t i v e  Chopper Radiometer (SCR) f i r s t  
f lown on t h e  Nimbus 4 s a t e l l i t e  as a s t r a t o s p h e r i c  temperature sounder (Abel e t  a l . ,  
1970). I n  t h i s  implementat ion o f  t h e  p r i n c i p l e ,  t h e  incoming r a d i a t i o n  i s  chopped 
between a f i x e d  pressure  and pa th- length  c e l l  c o n t a i n i n g  a sample of t h e  gas o f  
i n t e r e s t  and a vacuum c e l l  o r  another gas c e l l  c o n t a i n i n g  a sample o f  t h e  gas a t  a 
p ressure  d i f f e r e n t  f rom t h a t  o f  t h e  f i r s t  c e l l .  The ins t rument  can be arranged so 
t h a t  t h e  incoming energy passes a l t e r n a t e l y  th rough t h e  two c e l l s  t o  a s i n g l e  detec- 
t o r  o r  so t h a t  t h e  beam i s  d i v i d e d  and passes th rough t h e  two c e l l s  s imu l taneous ly  t o  
two separa te  de tec tors .  Both  arrangements have been used t o  measure carbon monoxide 
i n  t h e  atmosphere from an a i r c r a f t  p l a t f o r m  (Acton e t  al., 1973; and R e i c h l e  e t  a1 ., 
1986a). Only t h e  second implementat ion has been used t o  measure t r o p o s p h e r i c  carbon 
monoxide f r o m  a s a t e l l i t e  p l a t f o r m  (Reich le e t  al., 1986b). The major  advantages o f  

Ins t ruments  o f  t h e  f i r s t  t y p e  a r e  gener- 

*Prepared panel  r e p o r t .  
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t h e  t w o - c e l l  modulator are s i m p l i c i t y  and freedom t h a t  one has i n  s e l e c t i n g  c e l l  
leng ths ,  pressures, and m a t e r i a l s .  The major  disadvantage o f  t h e  t w o - c e l l  modulator  
i s  t h e  d i f f i c u l t y  i n  i n s u r i n g  t h a t  t h e  two o p t i c a l  l e g s  o f  t h e  ins t rument  a r e  main- 
t a i n e d  i n  a balanced c o n d i t i o n ;  t h a t  i s ,  f o r  example, t h a t  t h e i r  o p t i c a l  charac ter -  
i s t i c s  do n o t  change d i f f e r e n t l y  as a r e s u l t  o f  environmental  i n f l u e n c e s .  
d i  f f e r e n t i  a1 changes usual  l y  r e s u l t  i n  zero-sh i  f t re1 a ted  e r r o r s .  I n  o r d e r  t o  
c i  rcumvent t h e  d i f f e r e n t i a l  changes t h a t  occur red  i n  e a r l y  t w o - c e l l  ins t ruments  , a 
s i n g l e  o p t i c a l - p a t h  ins t rument  was developed a t  Oxford U n i v e r s i t y .  C a l l e d  t h e  
pressure-modulated rad iometer  ( o r  p.m.r.), t h i s  dev ice  conta ins  o n l y  a s i n g l e  c e l l  , 
and i t  i s  t h e  second t y p e  modulator  i n  use. 
gas i n  t h e  c e l l  are changed, o r  modulated, by means o f  a p i s t o n  arrangement t h a t  
s i n u s o i d a l l y  changes t h e  c e l l  pressure.  T h i s  dev ice  has been a p p l i e d  t o  t h e  measure- 
ment of s t r a t o s p h e r i c  and mesospheric temperature and composi t ion i n  a number o f  
exper iments f lown aboard t h e  Nimbus s a t e l l i t e  s e r i e s  by t h e  Oxford group. The l a t e s t  
o f  these was t h e  S t r a t o s p h e r i c  and Mesospheric Sounder (SAMs) exper iment f lown aboard 
Nimbus 7. Because o f  i t s  s i n g l e  o p t i c a l  path,  t h i s  modulator  i s  i n h e r e n t l y  f r e e  f rom 
t h e  d i f f i c u l t i e s  encountered i n  a t t e m p t i n g  t o  balance two d i f f e r e n t  o p t i c a l  paths.  
I t s  major  disadvantage, i n  i t s  p resent  implementat ion a t  l e a s t ,  i s  t h e  l i m i t e d  range 
o f  mean pressures and pressure d i f f e r e n c e s  t h a t  can be achieved. A v e r s i o n  o f  t h i s  
dev ice  was evaluated as a cand ida te  f o r  a p p l i c a t i o n  t o  t h e  remote sensing o f  t r o p o -  
s p h e r i c  species.  The r e s u l t s  o f  t h a t  s tudy are  summarized i n  Orr and R a r i g  (1981). 
The o v e r a l l  conclusions o f  t h e  s tudy were t h a t ,  because of t h e  l i m i t a t i o n s  o f  mean 
pressure  and pressure r a t i o n ,  t h e  a p p l i c a t i o n  o f  t h e  p.m.r. t o  t r o p o s p h e r i c  remote 
sensing was l i m i t e d .  

Such 

The t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  

The nex t  s e c t i o n  descr ibes t h r e e  ins t ruments  t h a t  have a p p l i c a t i o n  t o  remote ly  
measuring t ropospher ic  c o n s t i t u e n t s .  

CURRENT GAS FILTER RADIOMETERS 

The Gas F i l t e r  Radiometer (GFR) 

The MAPS experiment f lown on t h e  second f l i g h t  o f  t h e  Space S h u t t l e  d u r i n g  
November 1981 measured t h e  t r o p o s p h e r i c  carbon monoxide m i x i n g  r a t i o  a long t h e  sub- 
s a t e l l i t e  t r a c k  over a p e r i o d  o f  12 hours between 38"N l a t i t u d e  and 38"s l a t i t u d e .  
S ince  t h i s  was the  f i r s t  measurement o f  t h i s  gas made f rom a space p l a t f o r m ,  t h e  
ins t rument  w i l l  be descr ibed i n  somewhat g r e a t e r  d e t a i l  than  w i l l  t h e  o t h e r  
p r e v i o u s l y  mentioned inst ruments.  

The inst rument  l a y o u t  i s  shown i n  f i g u r e  10. T h i s  ins t rument  i s  o f  t h e  SCR t y p e  
i n  t h a t  i t  d i f f e r e n c e s  t h e  s i g n a l  as seen th rough two f i x e d  c e l l s .  The energy e n t e r s  
t h e  ins t rument  through t h e  o b j e c t i v e  l e n s  and i s  chopped a g a i n s t  a re fe rence b lack-  
body by a r o t a t i n g  chopper. A f t e r  pass ing th rough a f i e l d  stop, a beam combines ( t h e  
f u n c t i o n  of which w i l l  be discussed l a t e r )  an a p e r t u r e  s t o p  and a broad-band f i l t e r .  
The beam i s  d i v i d e d  by a s e r i e s  o f  b e a m s p l i t t e r s ,  and i t  passes t o  t h r e e  de tec tors .  
Before reach ing  two of t h e  de tec tors ,  t h e  energy passes th rough 1-cm-long gas c e l l s .  
One of these i s  f i l l e d  w i t h  76 T o r r  o f  pure C O Y  w h i l e  t h e  second i s  f i l l e d  w i t h  
266 T o r r  of pure CO. The outputs  of t h e  t h r e e  d e t e c t o r s  a r e  d i f f e r e n c e d  t o  fo rm two 
d i f f e r e n c e  s i g n a l s ,  AV = vD3 - vD2 and AV'  = v D 1  - vD2. The ou tpu t  of d e t e c t o r  D2 i s  
a l s o  demodulated t o  form a broad-band r a d i o m e t r i c  s i g n a l  c a l l e d  V t h a t  i s  i n d i c a t i v e  
o f  t h e  temperature o f  t h e  u n d e r l y i n g  sur face.  Two i n t e r n a l  b lackbodies c a l l e d  b a l -  
ance sources a r e  chopped a t  t w i c e  t h e  s i g n a l  frequency by t h e  r o t a r y  chopper. 
r a d i o m e t r i c  d i f f e r e n c e  s i g n a l  f rom these t a r g e t s  i s  combined v i a  t h e  p r e v i o u s l y  
ment ioned beam combiner and d i r e c t e d  on to  t h e  d e t e c t o r s .  A f t e r  demodulat ion a t  t h e  

The 
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d e t e c t o r s ,  t h i s  s i g n a l  i s  used t o  d r i v e  an automat ic  g a i n  c o n t r o l  c i r c u i t  t h a t  main- 
t a i n s  t h e  ins t rument  i n  t h e  balanced cond i t ion .  I n  s p i t e  o f  t h e  extreme temperature 
v a r i a t i o n s  encountered on t h e  Space S h u t t l e  f l i g h t  (caused by t h e  f a i l u r e  o f  a 
c o o l a n t  loop  temperature c o n t r o l l e r ) ,  t h i s  ins t rument  performed very w e l l .  

Because t h e  ins t rument  views t h e  n a d i r  i n  t h e  4.67 pm band, t h e  s i g n a l  r e c e i v e d  
by t h e  ins t rument  i s  i n t e g r a t e d  over  t h e  depth o f  t h e  atmosphere. 
t h e  s i g n a l  received,  as a f u n c t i o n  of a l t i t u d e ,  i s  descr ibed by a s i g n a l  f u n c t i o n ,  
which i s  analogous t o  t h e  w e i g h t i n g  func t ion  as used i n  d e s c r i b i n g  t h e  performance o f  
r a d i o m e t r i c  temperature sounders. The s ignal  f u n c t i o n s  f o r  t h e  two channels as f l o w n  
on t h e  STS-2 a r e  shown i n  f i g u r e  11. Since t h e  s i g n a l  r e c e i v e d  i s  p r o p o r t i o n a l  t o  
t h e  i n t e g r a l  o f  these curves, i t  can be seen t h a t  bo th  channels r e c e i v e  t h e  m a j o r i t y  
o f  t h e i r  s i g n a l  f rom t h e  midd le  and upper t roposphere.  N e i t h e r  channel r e c e i v e s  much 
i n f o r m a t i o n  f rom t h e  m i x i n g  l a y e r  because o f  t h e  low thermal c o n t r a s t  between t h e  
atmosphere and t h e  sur face  o f  t h e  Ear th.  

The v a r i a t i o n  o f  

F i g u r e  12 shows a t y p i c a l  o r b i t  o f  CO da ta  produced by t h e  MAPS ins t rument .  

The open spaces i n  t h e  t r a c e  a r e  caused by t h e  presence o f  
(Because t h e  sampl ing r a t e  i s  h i g h  a t  1 sec- l ,  t h e  i n d i v i d u a l  da ta  p o i n t s  a r e  n o t  
r e s o l v e d  on t h i s  f igure . )  
c louds i n  t h e  f i e l d  o f  view, which renders t h e  da ta  nonreducib le .  

To b e t t e r  demonstrate t h e i r  g loba l -sca le  p a t t e r n s ,  t h e  da ta  were averaged over  
5" l a t i t u d e  by 5" l o n g i t u d e  g r i d  squares. The da ta  f rom t h e  h i g h e r  p ressure  channel 
presented i n  t h i s  way a r e  shown i n  f i g u r e  13. 
r a t i o  w i t h  bo th  l a t i t u d e  and l o n g i t u d e  i n  t h e  T r o p i c s  and i n  t h e  Nor thern  Hemisphere 
a r e  c l e a r l y  shown. These g l o b a l - s c a l e  pa t te rns  i n  t h e  CO data,  which a r e  so e v i d e n t  
i n  t h e  s a t e l l i t e  data, would have been very d i f f i c u l t  t o  measure, e i t h e r  f rom 
surface-based o r  a i  r c r a f t - b a s e d  p la t forms.  

The s t r o n g  v a r i a t i o n s  o f  t h e  m i x i n g  

The Halogen O c c u l t a t i o n  Experiment (HALOE) 

Another gas f i l t e r  rad iometer  s i m i l a r  i n  p r i n c i p l e  t o  t h e  MAPS i n s t r u m e n t  has 
been b u i l t  by NASA as p a r t  o f  t h e  Upper Atmosphere Research S a t e l l i t e  (UARS) which 
w i l l  be launched d u r i n g  1989. T h i s  inst rument  measures v e r t i c a l  p r o f i l e s  o f  severa l  
c o n s t i t u e n t s  i n  t h e  s t r a t o s p h e r e  by viewing t h e  Sun d u r i n g  s u n r i s e  and sunset as seen 
f rom t h e  spacecra f t .  A schematic diagram o f  t h e  ins t rument  i s  shown i n  f i g u r e  14. 
Because t h e  Sun i s  now t h e  r a d i a t i o n  source, t h e  f i e l d  o f  view of t h e  i n s t r u m e n t  i s  
much narrower.  Only a s i n g l e  balance source i s  requ i red .  As can be seen f rom 
t a b l e  V I ,  t h e  ins t rument  has e i g h t  channels-- four a r e  g a s - f i l t e r  channels and f o u r  
a r e  broadband rad iometer  channels, and these channels span t h e  range f rom 2.5 t o  10 
vm. A d i c h r o i c  b e a m s p l i t t e r  i s  used t o  separate t h e  r a d i a t i o n  p r i o r  t o  i t s  passage 
th rough t h e  gas c e l l s .  A t  t h e  present  t ime, t h i s  ins t rument  represents  t h e  h i g h e s t  
devel  opment of an SCR-type gas f i 1 t e r  radiometer as a spaceborne remote sensor. 

Gas F i l t e r  C o r r e l a t i o n  Spectrometer Developed a t  Centre f o r  Research 
f o r  Experiment Space Science (GASCOFIL) 

Whi le  t h i s  ins t rument  i s  n o t  now being developed f o r  a space a p p l i c a t i o n  (as a r e  
MAPS and HALOE), it i n c o r p o r a t e s  c e r t a i n  new ideas  ( o r  advancements on o l d  ideas)  
t h a t  cause i t  t o  be impor tan t  f o r  any new ins t rument  development. 
l i k e  t h e  o r i g i n a l  SCR, i s  a s i n g l e - d e t e c t o r  ins t rument  r a t h e r  than a m u l t i p l e -  
d e t e c t o r  i n s t r u m e n t  as a r e  MAPS and HALOE. 
t h e  d i f f e r e n c e  s i g n a l  i s  formed on t h e  s i n g l e  d e t e c t o r  by v a r y i n g  t h e  c e l l  t h a t  i s  i n  

The ins t rument ,  

I n  t h i s  implementat ion of t h e  technique,  
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the optical pa th .  T h i s  was previously done by means of a rotary or vane chopper and 
a system of mirrors. In the GASCOFIL instrument, this i s  accomplished by moun t ing  
the gas c e l l s  and vacuum c e l l s  i n  a rotary wheel and rapidly spinning the wheel 
th rough  the optical path. The detector then sequenti a1 ly  "sees" the scene through 
the gas ce l l s  and vacuum ce l l s .  
scene, the detectors "see1' the spokes o f  the wheel. The output of the detector i s  
amp1 i f i ed  and immediately digitized. The signal corresponding t o  each cell  or spoke 
i s  then stored i n  a separate memory location of a microprocessor-based computer. 
Because a l l  signals are handled as d i g i t a l  rather t h a n  analog data, the problems of 
amplifier d r i f t  are greatly reduced. Further, i t  i s  possible t o  adjust  cer ta in  
parameters (averaging time, for  example) i n  the software of the microprocessor rather 
than the hardware. This considerably increases the f l ex ib i l i t y  and adaptability of 
the instrument. 

Between each gas cel l  and/or vacuum cell  view of the 

The GASCOFIL instrument has been operated i n  a portable mode t o  measure SO2 i n  a 
power plant plume i n  Ontario, Canada, w i t h  excellent resul ts .  
wavelengths i n  the near UV.  

T h i s  application used 
Tests t o  measure CO u s i n g  the 4.67 pm band are planned. 

CAPABILITY FOR REMOTELY SOUNDING TROPOSPHERIC CARBON MONOXIDE 

A s e t  of preliminary calculations to  determine the f eas ib i l i t y  of performing a 
mu1 t i  p l  e-1 ayer, tropospheric carbon monoxi de measurement experiment has been carri  ed 
o u t .  The calculations assume a U.S. Standard Atmosphere for  the temperature prof i le  
and a typical value for  the CO mixing ra t io .  
equilibrium w i t h  the underlying surface, which was e i ther  land or water. 
4.67 and 2.33 pm bands were investigated. The line-by-line radiative t ransfer  
program was the same a s  tha t  used i n  the reduction of the MAPS data. 
these calculations are shown i n  figure 15 and table  VII. 
three-1 ayer measurement i n  the troposphere i s  feasible.  The signal functions fo r  the 
two higher a l t i tude channels are generally similar t o  those of the OSTA-1 MAPS exper- 
iment; they have been made somewhat narrower by varying the ce l l  conditions. The 
signal levels are o f  the same order as  those achieved by the MAPS experiment. To 
make measurements i n  the mix ing  layer where the temperature contrast  between the 
surface and the gas i s  small, i t  i s  necessary t o  use reflected sunlight i n  the 
2.33 pm region. (This, of course, limits the measurements t o  daytime only.) The 
s igna l  levels are now about 2 orders of magnitude lower than those obtained i n  the 
longer wavelength channels. Measurement of the reflected s u n l i g h t  component will 
require some engineering advance over the MAPS instrument, b o t h  i n  terms of noise 
level and s tab i l i ty .  T h i s  will require some engineering development, b u t  i t  should 
require no new technology. The calculations summarized i n  f igure 15 and table VI1 
assume a generic gas f i l t e r  radiometer. 
chopping between the indicated cell  1 engths and pressures w i t h  the appropriate noi se 
level and  s tab i l i tv  would be capable of making the measurement. 

The a i r  i s  assumed t o  be i n  thermal 
B o t h  the 

The resul ts  of 
I t  can be seen t h a t  a 

' 

Therefore, any instrument capable of 

RECOMMENDATIONS 

T h i s  group feels t h a t  the fo l lowing  i s  an appropriate evolution of a tropo- 
spheric measurement program u s i n g  gas f i 1 t e r  radiometry . 
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Now t o  1992 

1. E x p l o i t  HALOE and/or GASCOFIL technology t o  design, b u i l d ,  and f l y  a t h r e e -  
l a y e r  t r o p o s p h e r i c  CO measurement and t o  f l y  i t  on a NOAA o p e r a t i o n a l  
s a t e l l i t e .  

2. Test  t h e  f e a s i b i l i t y  of measuring CH by m o d i f y i n g  t h e  c u r r e n t  MAPS i n s t r u -  
ment and f l y i n g  on a Space S h u t t l e  f 4 i g h t .  

3. Carry out  s t u d i e s  t o  determine t h e  f e a s i b i l i t y  o f  measuring o t h e r  t r a c e  
gases. 

1192 - 2001 

1. B u i l d  a m u l t i p l e - l e v e l  CO instrument f o r  EOS t h a t  i n c l u d e s  t h e  c a p a b i l i t y  o f  
measuring CH4 and o t h e r  gases as shown f e a s i b l e  v i a  numerical  s i m u l a t i o n s  and 
f 1 i ght  t e s t s .  

2. Perform f e a s i b i l i t y  s t u d i e s  o f  an inst rument  t h a t  rep laces  t h e  gas c e l l  w i t h  
an e ta lon ;  O3 and NH3 a r e  candidate gases. 

2001 - Beyond 

1. B u i l d  advanced ins t rument  based on r e s u l t s  o f  number 2 above. 
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TABLE VI.- HALOE INSTRUMENT CHARACTERISTICS 

GAS 

GAS 

ALTITUDE OF BAND SIGNAL 
SIGNAL PEAK LEVEL 

HF 

H C E  

CH 4 
NO 

co 2 

H20 
03 

NO2 

co 

co 

CENTFR 
(CM- 

2 450 mb 4.67pm 2.5 x 10-7w/cm sr 

200 mb 4.67vm 1 x 10 w/cm sr -7 2 

4078 

2940 

289 1 

1900 

3572 

1514 

996 

1600 

50% POINTS 
(CM- 

4047 ‘6 4109 f 6 

2910 2 6 2970 f 6 

2870 f 6 2912 f 6 

1883 f 6 1917 5 6 

3537 2 6 3608 f 6 

1506 f 6 1522 f 6 

976 2 6 1017 f 6 

1591 f 5 1607 f 5 

MAX 5% POINT 
WIDTH 

117 

108 

82 

62 

128 

29 

78 

29 

TABLE V I  I .- SUMMARY OF SIGNAL CHARACTERISTICS (ADVANCED SOUNDER) 

I I I 1 1 

I C 0  I O m b  I 2.3pm I 2 x 10-9w/cm2sr I 
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Figure 14.- HALOE schematic. 
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SIGNAL FUNCTION 

Figure 15 . -  Signal functions (advanced sounder). 
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SPECTRAL RADIOMETRY AND TROPOSPHERIC AEROSOLS: REPORT OF PANEL 

R. S. Fraser*  (Chairman) 
M. Gr iggs, A. A. Lac is ,  and L. R. McMaster* 

INTRODUCTION 

The t e r m  aerosols ,  as used here, re fers  t o  t h e  haze, smoke, and dust  t h a t  appear 
i n  t h e  t roposphere.  The t e r m  does n o t  r e f e r  t o  t h e  hydrometeors i n  cumulus and 
s t r a t u s  c louds b u t  does i n c l u d e  t h e  s u l f u r i c  ac id -water  d r o p l e t s  which a r e  assumed t o  
predominate i n  t h e  s t r a t o s p h e r i c  aerosol  layer .  The aerosol  p r o p e r t i e s  t h a t  have 
been measured f rom s a t e l l i t e s  and those which can be made i n  t h e  near t e r m  (up t o  
1992) w i l l  be reviewed. The c a p a b i l i t i e s  t h a t  w i l l  e x i s t  i n  t h e  years  1992-2000, 
w i t h  implementat ion o f  EOS, w i l l  be discussed next .  F i n a l l y ,  a few words w i l l  be 
s a i d  concern ing t h e  p o t e n t i a l  f o r  aerosol  measurements f o r  t h e  decade a f t e r  2000. 

CURRENT CAPABILITIES 

Two s a t e l l i t e  methods have been, and are expected t o  be, a v a i l a b l e  f o r  measur ing 
aerosol  p r o p e r t i e s  up t o  1992. 
f rom a column o f  t h e  Earth-atmosphere system ex tend ing  t o  t h e  ground, and t h e  o t h e r  
method u t i l i z e s  s o l a r  o c c u l t a t i o n  observat ions o f  t h e  E a r t h ' s  l imb.  The f i r s t  method 
c o n s i s t s  o f  measuring t h e  i n t e n s i t y  o f  sca t te red  s u n l i g h t  i n  t h e  v i s i b l e  and near- 
i n f r a r e d  spectrum. The i n t e n s i t y  i s  l i n e a r l y  p r o p o r t i o n a l  t o  aerosol  p r o p e r t i e s  such 
as mass, s u r f a c e  area, and number. Furthermore, those p a r t i c l e s  t h a t  s c a t t e r  l i g h t  
most s t r o n g l y  a r e  those w i t h  diameters approximately equal t o  t h e  wavelength. P a r t i -  
c l e s  t h a t  a r e  an o r d e r  o f  magnitude smal ler ,  or l a r g e r ,  a r e  i n e f f e c t i v e  o p t i c a l l y - -  
t h e  s m a l l e r  ones because o f  t h e i r  smal l  cross s e c t i o n s  and t h e  l a r g e r  p a r t i c l e s  
because t h e r e  a r e  n o t  enough o f  them. A few except ions  can be made, however. 
t h e r e  a r e  enough l a r g e  p a r t i c l e s ,  such as i s  t h e  case f o r  Saharan dust ,  then they  a r e  
v i s i b l e  a t  wavelengths much s m a l l e r  than t h e i r  p a r t i c l e  s i z e .  Wi th  t h e  e x c e p t i o n  o f  
dus t  and, p o s s i b l y ,  aeroso ls  d e r i v e d  f rom t h e  ocean, t h e  a v a i l a b l e  sensors measure 
p r o p e r t i e s  i n  t h e  s i z e  range between 0.1 and 1 m. 

The f i r s t  depends on r e c e i v i n g  s c a t t e r e d  s u n l i g h t  

I f  

Several  sensors a r e  expected t o  be a v a i l a b l e  i n  t h e  near term. These i n c l u d e  
NOAA's p o l a r  o r b i t e r s  c a r r y i n g  t h e  AVHRR and t h e i r  g e o s t a t i o n a r y  s a t e l l i t e s  c a r r y i n g  
t h e  V ISSR.  The n a d i r  s p a t i a l  r e s o l u t i o n  o f  these sensors i s  1 km. AVHRR scans t h e  
e n t i r e  E a r t h  once each day. 
p o i n t  every h a l f  hour. The pr ime purpose o f  each sensor i s  t o  t a k e  c loud p i c t u r e s .  
As a r e s u l t ,  n e i t h e r  sensor i s  c a l  i b r a t e d  a f t e r  1 aunch. Post-1 aunch c a l  i b r a t i  on 
methods (Griggs, 1984; F r a s e r  and Kaufman, 1986) have been developed, however. 
c o u n t r i e s  may a l s o  cont inue t o  deploy geos ta t ionary  s a t e l l i t e s  w i t h  VISSR-type 
sensors. Research d a t a  w i l l  be a v a i l a b l e  f rom observa t ions  made f rom Landsat and 
o t h e r  U.S. and f o r e i g n  sensors. 

V I S S R  scans the E a r t h  w i t h i n  60" o f  t h e  s u b s a t e l l i t e  

Other  

N a d i r - v i e w i n g  s a t e l l i t e  
p r o p e r t i e s .  As a r e s u l t ,  va 

sensors measure t h e  t o t a l  v e r t i c a l  
i d a t i o n  data a r e  d i f f i c u l t  t o  acqu 

burden o f  t h e  aerosol  
r e  and do n o t  e x i s t  

*Prepared panel  r e p o r t .  
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f 
g e n e r a l l y .  The one except ion  i s  t h e  aerosol  o p t i c a l  th ickness .  I t i s  l i n e a r l y  
p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  of t h e  s c a t t e r e d  l i g h t ,  a t  l e a s t  f o r  t h e  common amounts 
o f  aerosol  , j u s t  as f o r  o t h e r  aerosol  p r o p e r t i e s  p r e v i o u s l y  mentioned. 
o f  these o p t i c a l  th ickness  measurements i n d i c a t e s  t h e  accuracy of t h e  mass, area, and 
number measurements a lso.  

The accuracy 

The o p t i c a l  t h i c k n e s s  measurements a r e  v a l i d a t e d  by values d e r i v e d  f rom t h e  
s o l a r  t ransmiss ion  t o  t h e  ground. The accuracy of t h e  s a t e l l i t e  va lues i s  h i g h e s t  
when observat ions a r e  made over  a un i form,  dark sur face such as t h e  ocean. The f i r s t  
e x t e n s i v e  measurements were made by Griggs (1984) over  many oceanic  reg ions.  He 
compared sate1 l i t e  values w i t h  values d e r i v e d  f rom ground-based measurements o f  s o l a r  
t r a n s m i s s i o n  ( f i g .  16) .  The s tandard e r r o r  of es t imate  i s  0.05. Measurements over  
l a n d  a r e  more d i f f i c u l t  because o f  v a r i a b l e  s u r f a c e  r e f l e c t a n c e ,  which i s  about t h e  
same or  more than aerosol  r e f 1  ectance. Nevertheless,  t h e  s u r f a c e  r e f l e c t a n c e  can be 
mon i to red  on days w i t h  smal l  aerosol  th ickness .  Values o f  o p t i c a l  t h i c k n e s s  measured 
f rom a s a t e l l i t e  a t  severa l  l o c a t i o n s  a r e  compared w i t h  ground-based values i n  
f i g u r e  17. The good agreement r e s u l t s  i n  t h e  square o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  
r2 = 0.89. 

Prev ious  values o f  o p t i c a l  t h i c k n e s s  measured f rom a nadi r - v i e w i n g  s a t e l l i t e  
were based on measurements i n  one s p e c t r a l  band. I f  two o r  more bands a r e  used, t h e n  
i n f o r m a t i o n  about t h e  d i s t r i b u t i o n  o f  p h y s i c a l  p r o p e r t i e s ,  w i t h  respect  t o  s ize ,  can 
be der ived .  
s p e c t r a l  i r r a d i a n c e ,  o r  aerosol  r e f l e c t a n c e ,  depends on t h e  aerosol  s i z e  d i s t r i b u -  
t i o n .  I f  t h e  p a r t i c l e s  a r e  much s m a l l e r  than t h e  wavelength, t h e  aerosol  r e f l e c t a n c e  
v a r i e s  as A4; i f  t h e  p a r t i c l e s  a re  l a r g e r  than t h e  wavelength, t h e  r e f l e c t a n c e  i s  
independent o f  wavelength. U s u a l l y  t h e  r e f l e c t a n c e  v a r i e s  as t o  A-’. The 
wavelength dependence o f  an aerosol  s i z e  parameter has been d e r i v e d  f rom s a t e l l i t e  
measurements, but  t h e  r e s u l t s  have been v a l i d a t e d  w i t h  o n l y  a few independent 
observa t ions  (Griggs, 1984; and Fraser  and Kaufman, 1985).  

The i n t e n s i t y  o f  l i g h t  s c a t t e r e d  by aeroso ls  r e l a t i v e  t o  t h e  s o l a r  

An example o f  d e r i v i n g  t h e  aerosol  a lbedo o f  s i n g l e  s c a t t e r i n g  from Landsat 
observa t ions  o f  Washington, D.C. ,  d u r i n g  August 1982, i s  g i v e n  i n  f i g u r e  18. The 
r e f l e c t a n c e s  o f  dark p i x e l s  increased f rom 0.03 t o  0.13 w i t h  i n c r e a s i n g  t u r b i d i t y .  
The i n t e n s i t y  o f  l i g h t  f rom p i x e l s  w i t h  s u r f a c e  r e f l e c t a n c e  o f  0.18 changed o n l y  
s l i g h t l y .  If one assumes t h a t  t h e  aerosol  p a r t i c l e s  a r e  smal l  and t h a t  t h e i r  
a b s o r p t i o n  c ross  s e c t i o n  i s  much g r e a t e r  than t h e i r  s c a t t e r i n g  c ross  sec t ion ,  then 
t h e i r  a lbedo o f  s i n g l e  s c a t t e r i n g  i s  0.9. T h i s  va lue  was lower  than t h e  s a t e l l i t e  
va lue  o f  0.96 associated w i t h  hazes over  t h e  eas tern  U.S. d u r i n g  t h e  summer. I n  t h e  
former case, however, smoke f rom f o r e s t  f i r e s  over  nor thwestern  Canada had d r i f t e d  
over  Washi ngton , i n d i  c a t  i ng t h e  presence o f  soot.  

The o n l y  remotely sensed c l u e  concern ing t h e  chemical composi t ion o f  t h e  
aeroso ls  i s  t h e  increased s i z e  o f  aerosol  p a r t i c l e s  caused by condensat ion o f  water  
vapor. 
l e s s  and, a t  t h e  same t ime,  t h e  o p t i c a l  t h i c k n e s s  increases.  

Then t h e  decrease i n  o p t i c a l  t h i c k n e s s  w i t h  respec t  t o  wavelength becomes 

B e f o r e  g loba l  maps o f  aerosol  p r o p e r t i e s  can be d e r i v e d  f rom n a d i r - v i e w i n g  
s a t e l l i t e  observat ions,  e f f i c i e n t  a l g o r i t h m s  must be developed. 
t o  account f o r  c a l i b r a t i o n ,  s u r f a c e  r e f l e c t a n c e ,  and t a b l e  lookups r e l a t i n g  t h e  
aerosol  p r o p e r t i e s  of models w i t h  t h e  i n t e n s i t y  o f  s c a t t e r e d  l i g h t .  
depend on t h e  geographical r e g i o n  and season of t h e  year .  
be prepared as a f u n c t i o n  o f  s o l a r  z e n i t h  angle, v iewing  angles,  and wavelength. 

The a l g o r i t h m s  have 

The models w i l l  
Ex tens ive  t a b l e s  have t o  
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B e f o r e  such nadi  r - v i e w i n g  sate1 1 i t e  measurements o f  aerosol  p r o p e r t i e s  a r e  
accepted, t h e y  need t o  be v a l i d a t e d  w i t h  independent data.  Valuable exper iments can 
be made a t  t h e  s u r f a c e  such as t h e  r e l a t i o n  between t h e  mass o f  s u l f a t e  and t h e  
s c a t t e r i n g  c o e f f i c i e n t  of l i g h t  (P ie rson e t  a l . ,  1980) o r  t h e  mass o f  water  condensed 
on d r y  p a r t i c l e s  as a f u n c t i o n  of humid i ty .  Never the less,  such exper iments a r e  n o t  
s u f f i c i e n t  s i n c e  t h e  s a t e l l i t e  measures t h e  average p r o p e r t i e s  a long a l i n e  o f  s i g h t  
and t h e  p r o p e r t i e s  vary a long t h e  l i n e  of s igh t .  Measured v e r t i c a l  p r o f i l e s  a r e  
d e s i r a b l e ,  and they  can be ob ta ined by a i r c r a f t .  S ince t h e  a i r c r a f t  exper iments a r e  
d i f f i c u l t  and expensive, remote measurements f rom t h e  ground may have t o  be r e l i e d  on 
i f  severa l  independent measurements y i e l d  the same r e s u l t .  For  example, measurements 
o f  s o l a r  t r a n s m i s s i o n  and s k y l i g h t  i n t e n s i t y  and p o l a r i z a t i o n  i n  many s p e c t r a l  bands 
may a l l  show t h e  same d i s t r i b u t i o n  o f  aerosol mass w i t h  respec t  t o  s ize ,  g i v i n g  
g r e a t e r  conf idence i n  these s a t e l l i t e  data. 

I 

1 km and an accuracy o f  b e t t e r  than 10 percent a t  t h e  peak o f  t h e  s t r a t o s p h e r i c  aero- 
s o l  l a y e r  (McCormick e t  a1 . , 1979; and Mauldin e t  a1 ., 1985). I n  c l o u d - f r e e  reg ions ,  
t h e s e  p r o f i l e s  can extend down t o  t h e  Ear th  s u r f a c e  and do, i n  f a c t ,  reach a l t i t u d e s  
of 8 km o r  lower  50 percent  o f  t h e  t i m e  (Woodbury and McCormick, 1983), a l l o w i n g  
s t u d i e s  o f  t h e  upper t roposphere as w e l l  as t h e  s t ra tosphere .  S ince these i n s t r u -  
ments measure t h e  average e x t i n c t i o n  through t h e  E a r t h ' s  l i m b  a long t h e  s p a c e c r a f t  t o  
Sun view angle,  t h e  h o r i z o n t a l  r e s o l u t i o n  o f  these p r o f i l e s  i s  1 km x 200 km. 
Successive v e r t i c a l  p r o f i l e s  a r e  separated by approx imate ly  24" l o n g i t u d e  as t h e  
observa t ions  sweep through t h e  l a t i t u d e  extremes i n  3 t o  4 weeks, depending on o r b i t  
i n c l  i n a t  i on. 

1 
1 

The second method o f  measuring aerosol  o p t i c a l  p r o p e r t i e s  u t i l i z e s  s o l a r  
o c c u l t a t i o n  o f  t h e  E a r t h ' s  l imb. 
space w i t h  t h e  S t r a t o s p h e r i c  Aerosol Monitor I1 (SAM 11) f l o w n  on Nimbus 7, t h e  
S t r a t o s p h e r i c  Aerosol  and Gas Experiment (SAGE) f l o w n  on t h e  A p p l i c a t i o n  E x p l o r e r  
M i s s i o n  2 (AEM-2), and SAGE I1 f lown on the  ERBS. I n  each case, t h e  ins t rument  
measures t h e  a t t e n u a t i o n  o f  s o l a r  r a d i a t i o n  t h r o u g h  t h e  E a r t h ' s  l i m b  d u r i n g  space- 
c r a f t  s u n r i s e  and sunset. Such a measurement i s  e s s e n t i a l l y  s e l f - c a l i b r a t i n g ,  
r a t i o i n g  t h e  a t t e n u a t e d  s i g n a l  through t h e  atmosphere t o  t h e  unat tenuated s i g n a l  
o u t s i d e  t h e  atmosphere t o  o b t a i n  atmospheric t r a n s m i s s i o n  p r o f i l e s .  

T h i s  technique has been s u c c e s s f u l l y  employed f rom 
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aerosol  l i d a r  backscat te r  da ta  and ba l loon-borne i n  s i t u  p a r t i c l e  counters.  An 
example o f  t h e  p r e l i m i n a r y  SAGE I1 aerosol  e x t i n c t i o n  da ta  shown i n  f i g u r e  19 w i l l  
t h e n  be used t o  study aerosol  s i z e  and d i s t r i b u t i o n  and o t h e r  aerosol  o p t i c a l  
p r o p e r t i e s  (Yue e t  a1 ., 1985). 

The ERBS/SAGE I I 57" i n c l  i n a t i o n  o r b i t  p r o v i d e s  geographic coverage f rom 80° 
south t o  80" nor th  l a t i t u d e ,  r e p e a t i n g  g l o b a l  coverage every 3 t o  4 weeks. S ince  
t h e r e  a r e  no expendables t o  be used up, SAGE I 1  c o u l d  c o n t i n u e  t o  c o l l e c t  da ta  i n t o  
t h e  e a r l y  199O's, p r o v i d i n g  an impor tan t  da ta  base f o r  aeroso ls  f rom t h e  mid 
t roposphere up t o  35 km. 

PERIOD: 1992-2000 

Since t h e  f i n a l  stage o f  some impor tan t  chemical c y c l e s  r e s u l t s  i n  t h e  f o r m a t i o n  
o f  aerosols ,  t h e  s t r e n g t h  o f  aerosol  sources and s i n k s  and t h e i r  l o c a t i o n s  a r e  
impor tan t  f o r  understanding atmospher ic chemist ry .  To compute aerosol  t r a n s p o r t ,  
convergence, and d i  vergence, t h e  aerosol  v e r t i c a l  p r o f  i 1 e and t h e  wind v e c t o r  p r o f  i 1 e 
a r e  requ i red .  L i d a r  can p r o v i d e  t h e  v e r t i c a l  p r o f i l e  o f  t h e  s c a t t e r i n g  c o e f f i c i e n t .  
Wi th  more t h a n  one s p e c t r a l  band, t h e  l i d a r  a l s o  g i v e s  i n f o r m a t i o n  about t h e  s i z e  
dependence o f  aerosol  p r o p e r t i e s .  The l i d a r  da ta  w i l l  be r e l a t i v e l y  i n f r e q u e n t ,  b u t  
t h e  o t h e r  EOS sensors w i l l  p r o v i d e  da ta  on t h e  t o t a l  v e r t i c a l  burden o f  aerosol  
p r o p e r t i e s  on a very smal l  sca le.  Wind i n f o r m a t i o n  w i l l  be a v a i l a b l e  f rom s tandard  
m e t e o r o l o g i c a l  data. 

Abundant new data r i c h  i n  s p e c t r a l  i n f o r m a t i o n  w i l l  be a v a i l a b l e  f rom EOS 
sensors. 
I t  i s  very impor tant  t o  i n c l u d e  p lans f o r  v a l i d a t i n g  t h e  d e r i v e d  products .  Another 
improvement t h a t  EOS w i l l  p r o v i d e  i s  good c a l i b r a t i o n .  
t h a t  measure t h e  i n t e n s i t y  o f  s c a t t e r e d  s u n l i g h t  a r e  e i t h e r  n o t  c a l i b r a t e d  o r  p o o r l y  
c a l i b r a t e d  a f t e r  launch. The measured r e f l e c t a n c e  should be accura te  w i t h i n  0.5 per -  
cen t  t o  measure aerosol p r o p e r t i e s  w i t h  accuracy o f  10 percent .  

A chal lenge e x i s t s  t o  develop a l g o r i t h m s  f o r  e x t r a c t i n g  t h e  i n f o r m a t i o n .  

Cur ren t  s a t e l l i t e  sensors 

The chemical composi t ion o f  aeroso ls  i s  exceedingly  d i f f i c u l t  t o  measure f rom 
s a t e l l i t e s .  
f rom t h e  s u r f a c e  o f  t h e  E a r t h  do n o t  seem t o  have been made. Labora tory  exper iments 
have commenced, however, t o  i d e n t i f y  aerosol  spec ies by means o f  l a s e r  b a c k s c a t t e r  
(Goetz e t  al. ,  1985). Aerosols i n  t h e  lower  t roposphere a r e  screened f rom s a t e l l i t e  
observat  i ons i n much o f  t h e  spectrum by t r a c e  gas absorp t ion .  
a t  energ ies  grea ter  than 3 eV a r e  unobservable because of ozone absorp t ion .  Aerosol  
a b s o r p t i o n  i n  t h e  v i s i b l e  and near i n f r a r e d  i s  dominated by grey absorp t ion .  
v i b r a t i o n  bands occur i n  t h e  1 t o  3 w window (Bohren and Huffman, 1983) and a l s o  i n  
t h e  8 t o  13 um window (Goetz e t  al. ,  1985; C. Prabhakara, NASA Goddard, p r i v a t e  
communication, 1985). Aerosol spec t ra  w i l l  be d i f f i c u l t  t o  measure because o f  
s i m i l a r  s p e c t r a  from t h e  E a r t h ' s  sur face,  numerous a b s o r p t i o n  l i n e s  o f  water  vapor 
and o t h e r  t r a c e  gases, t h e  smal l  o p t i c a l  t h i c k n e s s  o f  aerosols ,  and t h e  o p t i c a l  
cons tan ts  a r e  n o t  known f o r  aerosols  w i t h  mixed composi t ion.  

Remote measurements o f  composi t ion o f  aeroso ls  i n  t h e  E a r t h ' s  atmosphere 

E l  e c t  r o n i  c t r a n s i t i o n s  

Aerosol  

C. Prabhakara (NASA Goddard, p r i v a t e  communication, 1985) at tempted t o  e x t r a c t  
evidence f o r  t h e  s t rong s i l i c a t e  band a t  1100 cm'l i n  t h e  Saharan d u s t  as i t  swept 
ou t  over  t h e  A t l a n t i c  Ocean. He used t h e  measurements f rom t h e  i n f r a r e d  i n t e r f e r o m e -  
t e r  spect rometer  ( IRIS)  w i t h  a s p e c t r a l  r e s o l u t i o n  o f  2.8 cm" and f lown on Nimbus 4. 
He d i d  n o t  observe t h e  s t r o n g  S i -0  emiss ion near 1100 cm-l, b u t  r a t h e r  grey emission. 
Bohren and Huffman (1983) show t h a t  such grey emiss ion i s  expected f o r  d ispersed 
s i z e s  and nonspher ica l  shapes, as a r e  l i k e l y  f o r  t h e  a e o l i a n  d u s t  ( M a r t i n  and Barber,  
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1985). 
t i o n  o f  aeroso ls  from s a t e l l i t e  observat ions.  

T h i s  i s  t h e  o n l y  at tempt  t h a t  I know about t o  i d e n t i f y  t h e  chemical composi- 

Index o f  R e f r a c t i o n  Wave1 ength 
(urn) (m2g-1) 

To show t h e  d i f f i c u l t y  i n  d e r i v i n g  aerosol  s p e c t r a l  i n f o r m a t i o n  f rom thermal 
emission, cons ider  t h e  impor tan t  aerosol  ammonium s u l f a t e .  Take as an example 
measurement o f  t h e  d i f f e r e n c e  i n  energy a t  a s a t e l l i t e  f rom two reg ions  where t h e  
d i f f e r e n c e  i n  ammonium s u l f a t e  concent ra t ion  i s  10 ug/m3, as migh t  occur  between 
r u r a l  and urban areas (Remsberg, 1978). I n  o r d e r  t o  e s t i m a t e  a r e l a t i v e l y  s t r o n g  
e f f e c t ,  assume t h a t  t h e  aerosol  i s  un i fo rmly  mixed i n  a l a y e r  1500 m deep. Then t h e  
t o t a l  mass o f  aerosol  i s  0.015 g/m2. The absorp t ion  and s c a t t e r i n g  o p t i c a l  t h i c k -  
nesses f o r  a t y p i c a l  accumulat ion mode, where s u l f a t e s  a r e  concentrated,  a r e  g i v e n  i n  
t h e  t a b l e  below f o r  t h e  minimum, in termediate,  and maximum values o f  e x t i n c t i o n  i n  a 
s t r o n g  band i n  an atmospheric window. 

~~ 

Albedo o f  Opt i c a l  Th i  ckness 
S i n g l e  S c a t t e r i n g  Absorp t ion  S c a t t e r i n g  

A l i n e a r i z e d  express ion f o r  t h e  apparent temperature d i f f e r e n c e  (AT) between t h e  
r u r a l  and urban areas caused by o n l y  t h e  ammonium s u l f a t e  i s  

8.31 
8.71 
9.07 

AT = T ~ [ T ~  - zsTs ]  

0.0056 0.0006 0.4 x 5 1.2183 0.0514 0.042 
1.0227 0.2759 0.234 0.0013 0.0035 0.5 x 10- 
1.3909 0.7055 0.458 0.0045 0.0068 3.1 x 

where 
o f  t h e  aeroso l ,  and cS and Ts a r e  t h e  e m i s s i v i t y  and temperature o f  t h e  sur face,  
r e s p e c t i v e l y .  
d i f f e r e n c e  between t h e  aerosol  and surface e m i t t i n g  as a blackbody i s  10K, then 
AT = -0.07K. 
f l u c t u a t i o n s  caused by t h e  atmosphere and surface, p l u s  rad iometer  noise.  

i s  t h e  v e r t i c a l  aerosol  absorp t ion  o p t i c a l  th ickness ,  TA i s  t h e  temperature 

The maximum T~ = 0.0068 i n  the  f o l l o w i n g  t a b l e ,  and i f  t h e  temperature 

Such a smal l  va lue  would seem t o  be undetec tab le  because o f  temperature 

OPTICAL PARAMETERS OF AMMONIUM SULFATE FOR A STRONG ABSORPTION BAND 
I N  AN ATMOSPHERIC WINDOW* 

L i d a r  d e t e c t i o n  of t h e  ammonium s u l f a t e  aeroso ls  i n  t h e  10 WI window w i l l  be 
very  d i f f i c u l t  because t h e y  s c a t t e r  r a d i a n t  energy very weakly. 
f o r  t h e  example g iven here would s c a t t e r  a t  most 3 x 
beam of i n f r a r e d  energy i n c i d e n t  on t h e  layer .  
o rders  of magnitude s m a l l e r  than t h e  wavelength o f  t h e  10 WI energy, they  s c a t t e r  
l i g h t  accord ing  t o  t h e  Ray le igh  phase func t ion .  
s c a t t e r  backwards p e r  u n i t  s o l i d  ang le  about 5 x 

The aerosol  l a y e r  
o f  t h e  energy f rom a l i d a r  

S ince t h e  p a r t i c l e s  a r e  about 2 

Hence t h e  s u l f a t e  l a y e r  would 
of t h e  energy i n c i d e n t  on i t  
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( n e g l e c t i n g  o ther  i n t e r a c t i o n s ) .  An order  o f  magnitude l e s s  energy i s  s c a t t e r e d  i n  
t h e  most t ransparent  band near t o  t h e  s t r o n g l y  absorb ing band. 
such c o n t r a s t  by a d i f f e r e n t i a l  absorp t ion  technique,  t h e  numerous a b s o r p t i o n  l i n e s  
of water  vapor and t r a c e  gases have t o  be avoided. 

To t a k e  advantage of  

S a t e l l i t e  miss ion requirements t o  measure o n l y  aerosol  p r o p e r t i e s  a r e  no t  
r e s t r i c t i v e .  
S t rong i n f l u x e s  o f  aerosols  f rom f i r e s  o r  dust  storms can be seen i n  s a t e l l i t e  
imagery 10,000 km f rom t h e i r  sources. 
d a i l y  would seem t o  be s u f f i c i e n t .  

Cumulus c louds are l e s s  f requent  i n  t h e  morning over  c o n t i n e n t s .  
c louds,  observat ions w i t h  a s o l a r  z e n i t h  angle o f  about 60" a r e  favorab le ,  e i t h e r  i n  
t h e  morning o r  af ternoon. 
had t i m e  t o  d i s s i p a t e .  
l a r g e  s o l a r  z e n i t h  angle s i n c e  t h e  i n t e n s i t y  o f  l i g h t  r e f l e c t e d  by t h e  ground v a r i e s  
approx imate ly  as t h e  cos ine o f  t h e  s o l a r  z e n i t h  angle, whereas t h e  i n t e n s i t y  o f  l i g h t  
s c a t t e r e d  by t h e  aeroso ls  i s  n o t  s t r o n g l y  dependent on t h e  s o l a r  z e n i t h  angle. 
ma jor  cons iderat ion,  however, i s  t h e  l i m i t a t i o n  caused by c louds, which i s  more 
pervas ive  than j u s t  t h e  cumulus problem. 

Aerosols a r e  d i s t r i b u t e d  g l o b a l l y  w i t h  l i f e t i m e s  o f  about a week. 

S a t e l l i t e  observa t ions  o f  t h e  e n t i r e  g lobe 

The l o c a l  t ime o f  t h e  observa t ions  r e q u i r e s  f u r t h e r  s tudy  because o f  c louds. 
I n  t h e  absence o f  

For  t h e  morning observat ions,  t h e  e a r l y  morning f o g  has 
Also, t h e  sur face  r e f l e c t i o n  o f  l i g h t  f rom l a n d  i s  l e s s  a t  

The 

S a t e l l i t e  sensors f o r  EOS w i l l  be a b l e  t o  measure t h e  t r o p o s p h e r i c  aerosol  

L i d a r  can 
number, s u r f a c e  area, and mass w i t h i n  t h e  s i z e  range o f  0.1 t o  5 man. Clouds w i l l  
l i m i t  t h e  number o f  observat ions t h a t  can be made g l o b a l l y  each day. 
p r o v i d e  v e r t i c a l  p r o f  i 1 es o f  aerosol  p h y s i c a l  parameters, b u t  w i t h  1 ow coverage. 
Wi th t h e  use o f  standard meteoro log ica l  wind data,  h o r i z o n t a l  t r a n s p o r t ,  convergence, 
and d ivergence can be c a l c u l a t e d .  The s a t e l l i t e  da ta  w i l l  be a poor  source o f  
i n f o r m a t i o n  about aerosol  chemical composi t ion.  The mass f r a c t i o n  o f  aeroso ls  t h a t  
absorb r a d i a n t  energy and a l s o  t h e  f r a c t i o n  t h a t  i s  condensed water  can be est imated,  
however. 

EOS w i l l  p rov ide  t h e  b a s i c  ins t ruments  needed f o r  t r o p o s p h e r i c  aerosol  measure- 
ments. A Moderate R e s o l u t i o n  Imaging Spectrometer (MODIS) i s  conceived t o  measure 
p r o p e r t i e s  o f  t h e  land, ocean, and atmosphere i n  64 s p e c t r a l  bands, spanning t h e  
range between 0.4 and 1.0 pm, p l u s  bands a t  l o n g e r  wavelengths. 
a band a t  a s h o r t e r  wavelength o f  0.35 w, measurements f rom more bands t h a n  a r e  
needed w i  11 be avai 1 a b l e  f o r  d e r i v i n g  aerosol  o p t i c a l  p r o p e r t i  es s i n c e  they  change 
r a t h e r  s l o w l y  w i t h  respect  t o  wavelength and a r e  w e l l  c o r r e l a t e d .  
r e s o l u t i o n  o f  MODIS i s  1 km a t  n a d i r ,  and i t  scans t h e  e n t i r e  E a r t h  every 2 days. 
Such coverage would be augmented by measurements f rom o t h e r  experiments. The aerosol  
p r o p e r t i e s  can be est imated f o r  t h e  s i z e  range 0.1 t o  a few micrometers. New s t u d i e s  
on d e r i v i n g  t h e  aerosol  p r o p e r t i e s  f rom measurements i n  many bands and t h e  accompany- 
i ng a1 g o r i  thms are r e q u i  red. 

Except f o r  choosing 

The s p a t i a l  

There a r e  c u r r e n t l y  no p lans  t o  cont inue SAGE I 1  o p e r a t i o n s  o r  t o  f l y  another 
o c c u l t a t i o n  experiment i n  t h i s  t i m e  per iod.  
cos t ,  r e l i a b i l i t y ,  and c a p a b i l i t y  t o  measure t r o p o s p h e r i c  aeroso ls  i n  a d d i t i o n  t o  
s t r a t o s p h e r i c  aerosols,  c o n s i d e r a t i o n  should be g i v e n  t o  f l y i n g  a mod i f ied  v e r s i o n  of 
SAGE t o  o b t a i n  mul t iwavelength e x t i n c t i o n  da ta  f o r  i n f e r r i n g  aerosol  o p t i c a l  proper-  
t i e s  and s t u d y i n g  t h e  in te rchange o f  c o n s t i t u e n t s  between t h e  t roposphere and 
s t ra tosphere .  A d d i t i o n a l  s p e c t r a l  channels c o u l d  be added t o  o b t a i n  f u r t h e r  s i z e  
r e s o l u t i o n  o f  aerosol  p r o p e r t i e s ,  as w e l l  as o t h e r  gas species such as methane. 
Other  improvements cou ld  i n c l u d e  f l y i n g  s i m i l a r  ins t ruments  on severa l  p l a t f o r m s  o r  
t a i l o r i n g  t h e  p l a t f o r m  o r b i t  t o  improve geographic coverage. S t e l l a r  and l u n a r  
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o c c u l t a t i o n  measurements should a l s o  be considered, e s p e c i a l l y  f o r  EOS p o l a r  o r b i t s  
where g l o b a l  coverage cou ld  be ob ta ined almost d a i l y  by u s i n g  severa l  s t a r s .  The use 
o f  a SAGE dev ice  would a l s o  be impor tan t  t o  c o r r e c t i n g  v a r i o u s  pass ive  remote sensors 
f o r  aerosol  e f f e c t s .  

L i d a r  observa t ions  o f  aeroso ls  f rom space p l a t f o r m s  such as EOS should p r o v i d e  
t h e  bes t  v e r t i c a l  r e s o l u t i o n  data a v a i l a b l e ,  w i t h  good h o r i z o n t a l  r e s o l u t i o n  
( = l o 0  km) a long t h e  s a t e l l i t e  nad i r -v iewing  t r a c k  ( s u b s a t e l l i t e  t r a c k s  w i l l ,  however, 
be 24" l o n g i t u d e  a p a r t )  and g loba l  coverage on a d a i l y  bas is .  Reasonably accura te  
(20 p e r c e n t )  aerosol  backscat te r  c o e f f i c i e n t  p r o f i l e s  w i l l  be o b t a i n a b l e  w i t h  1 t o  
2 km v e r t i c a l  r e s o l u t i o n ,  whereas t h e  v e r t i c a l  r e s o l u t i o n  i n  mapping t r o p o s p h e r i c  
l a y e r s  such as Saharan dust  o r  o t h e r  c o n t i n e n t a l  plumes shou ld  be b e t t e r  than 100 m 
(Browel l  e t  al., 1985). Measurements o f  t o t a l  columnar va lues ( o p t i c a l  depth) by 
o t h e r  sensors w i l l  complement t h e  l i d a r  data s e t  by f i l l i n g  i n  gaps between 
subsate l  1 i t e  t r a c k s .  

Measurements o f  t h e  chemical composi t ion f rom s a t e l l i t e s  w i l l  be minimal o r  
nonex is ten t .  Composit ion may be i n f e r r e d  from t h e  l o c a t i o n  o f  t h e  aerosol  source and 
p r o p e r t i e s  t h a t  can be measured--such as absorp t ion  and s i z e  d i s t r i b u t i o n .  I n  addi -  
t i o n ,  supplementary da ta  from s u r f a c e  and a i r c r a f t  observa t ions  w i l l  h e l p  t o  ana lyze  
t h e  s a t e l l i t e  observa t ions  f o r  composit ion. The d i f f i c u l t i e s  i n  measuring aerosol  
s p e c t r a  t h a t  can i d e n t i f y  t h e  aerosol  a r e  discussed i n  t h i s  r e p o r t .  

One o f  t h e  c r i t i c a l  d i f f i c u l t i e s  i s  lack o f  knowledge concern ing t h e  o p t i c a l  
cons tan ts  o f  aerosols ,  t h a t  i s ,  t h e i r  r e a l  and imaginary i n d i c e s  o f  r e f r a c t i o n .  Many 
aeroso ls  c o n s i s t  o f  a m i x t u r e  o f  substances. 
and a r e  d i f f i c u l t  t o  measure. For  cont inued progress i n  remote sensing o f  aerosol  
p r o p e r t i e s ,  t h e i r  o p t i c a l  constants  have t o  be measured. 

T h e i r  o p t i c a l  constants  a r e  n o t  known 

PERIOD: 2000-2010 

Two s i g n i f i c a n t  improvements i n  aerosol  measurements a r e  expected f o r  t h i s  
p e r i o d .  The f i r s t  i s  h i g h e r  1 i dar coverage spat  i a1 l y  . A d d i t i o n a l  s p e c t r a l  bands 
w i l l  be a v a i l a b l e  a lso.  The second advance w i l l  be t h e  measurement o f  winds f rom 
Doppler  s h i f t s  i n  t h e  l i g h t  s c a t t e r e d  from l a s e r  beams and a l s o  Doppler s h i f t s  i n  
emiss ion s p e c t r a  f rom t h e  l i m b  o f  t h e  atmosphere. 
progress t o  upgrade t h e  geos ta t ionary  s a t e l l i t e s  f o r  t h i s  p e r i o d  by i n c r e a s i n g  t h e  
number o f  s p e c t r a l  bands and reducing t h e  instantaneous f i e l d  o f  view, thus  reduc ing  
t h e  c l o u d  contaminat ion  problem. 
b e f o r e  t h i s  per iod ,  then s c i e n t i s t s  w i l l  be prepared t o  accept t h e  chal lenges 
presented by new remote sensing observat ions.  

I n  a d d i t i o n ,  s t u d i e s  a r e  i n  

I f  t h e  analyses o f  p r e v i o u s  s a t e l l i t e  data c o n t i n u e  

REFERENCES 

Bohren, C. F. and 
P a r t i c l e s  (John W 

D. R. Huffman, Absorpt ion and S c a t t e r i n g  o f  L i g h t  by Small 
l e y  and Sons, New York) , 1983. 

B r o w e l l ,  E. V., M P. McCormick, S .  I smai l  and T. J .  Swiss le r ,  Spaceborne L i d a r  
System f o r  Measurements of Atmospheric Water Vapor and Aerosols,  AIAA-85-2091, 1985. 

Fraser ,  R. S .  and Y .  3 .  Kaufman, The R e l a t i v e  Importance o f  Aerosol S c a t t e r i n g  and 
A b s o r p t i o n  i n  Remote Sensing, IEEE Transact. Geosci. Remote Sens., - -  GE-23, 5, 625-633, 
September 1985. 

39 



Fraser ,  R.  S. and Y. J.  Kaufman, C a l i b r a t i o n  o f  S a t e l l i t e  Sensors A f t e r  Launch, Appl. 
Opt ics ,  - 25, 1177-1185, A p r i l  1986. 

Goetz, A. F. H., G. Vane, J .  E .  Solomon and B. N. Rock, Imaging Spectrometry f o r  
E a r t h  Remote Sensing, -- Science, - 228, 1147, 1985. 

Gr iggs,  M., AVHRR Aerosol Ground T r u t h  Experiment (Science A p p l i c a t i o n s ,  Inc., San 
Diego, CA) 1984. 

Kaufman, Y. 3. and R.  S. Fraser ,  Remote Sensing o f  Aerosol  Absorpt ion,  presented a t  
I n t e r n a t i o n a l  Radi a t i  on Symposium, Perugi  a, I t a l y ,  1984. 

Kent,  G. S. and M. P. McCormick, SAGE and SAM I 1  Measurements o f  Global  S t r a t o s p h e r i c  
Aerosol  O p t i c a l  Depth and Mass Loading, J .  Geophys. Res., 89, 5303-5314, 1984. 

McCormick, M. P., SAM I 1  Measurements of t h e  P o l a r  S t r a t o s p h e r i c  Aerosol  I, October 
1978 t o  A p r i l  1979, NASA RP-1081, 1981. 

McCormick, M. P., Aerosol Measurements From E a r t h  O r b i t i n g  Spacecraf t ,  Adv. Space 
Res., 2, 73-86, 1983. 

McCormick, M. P., SAGE Aerosol Measurements, Volume I - February 21, 1979 t o  December 
31, 1979, NASA RP-1144, 1985. 

McCormick, M. P., P a t r i c k  Hami l l ,  T. J .  Pepin, W. P. Chu, T. 3. S w i s s l e r  and L. R. 
McMaster, S a t e l l i t e  Studies o f  S t r a t o s p h e r i c  Aerosols,  B u l l .  Am. Meteor. SOC., - 60, 
1038-1046, 1979. 

M a r t i n ,  A. and F. R. Barber, P a r t i c u l a t e  Sulphate and Ozone i n  Rura l  A i r :  P r e l i m i -  
nary  Resu l ts  From Three S i t e s  i n  Cent ra l  England, Atmos. Envir. ,  - 19, 1091, 1985. 

Mauldin,  L. E . ,  111, N. H. Zaun, M. P. McCormick, J .  H. Guy and W. R. Vaughan, 
S t r a t o s p h e r i c  Aerosol and Gas Experiment I 1  Ins t rument :  A Func t iona l  D e s c r i p t i o n ,  
Opt. Eng., 24, 307-312, 1985. 

P ie rson,  W .  R., W. W. Brachaczek, T. J .  Truex, J .  W. B u t l e r  and T. J .  K o r n i s k i ,  
Ambient S u l f a t e  Measurements on Al legheny Mountain and t h e  Quest ion  o f  Atmospheric 
S u l f a t e  i n  t h e  Nor theastern U n i t e d  States,  Annals New York Acad. Sci., 338, 145, 
1980. 

Remsberg, E .  E., R a d i a t i v e  P r o p e r t i e s  o f  Several  Probable C o n s t i t u e n t s  o f  Atmospheric 
Aerosols,  The I n f r a r e d  Handbook, pp. 4-70, 1978. 

Toon, 0. B. and J .  B. Po l lack ,  A Global  Model o f  Atmospheric Aerosols f o r  R a d i a t i v e  
T r a n s f e r  Ca lcu la t ions ,  J .  Appl. Meteor., 15, 225, 1976. 

Woodbury, Gerard and M. P. McCormick, Global  D i s t r i b u t i o n s  o f  C i r r u s  C 
Determined f rom SAGE Data, Geophys. Res. Let t . ,  - 10, 1180-1183, 1983. 

Yue, Glenn K., M. P. McCormick and W. P. Chu, R e t r i e v a l  o f  Composi t ion 
D i s t r i b u t i o n  o f  S t r a t o s p h e r i c  Aerosols w i t h  t h e  SAGE I 1  S a t e l l i t e  Expe 
Atmos. and Oceanic Tech., 3, 3, 371-380, September 1986. 

40 

ouds 

and S ize  
biment, J .  - 



* San Diego 
+ Sable  I s l a n d  
o USNS Hayes 
A Midday 

v Guam - Azores - Fanning Is land  
o Diego Garcia - Barbados 
x San Juan 

l e  S h i m  

d 
I! 

I I 1 1 

I 
J 

N 2N 3N 

Aerosol Content  (Ground T r u t h ) .  N, 

Figure 16.- S a t e l l i t e  measurements of aerosol op t i ca l  thickness a t  A 500 nm by Griggs 
One N - u n i t  i s  equ iva len t  t o  0.21 (Toon and a r e  coinpared w i t h  ground-based values.  

Pol lack,  1976). 
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Figure  17.- Comparison of aerosol  op t ica l  thicknesses measured from a geos ta t ionary  
s a t e l l i t e  and the ground f o r  A 610 nm. 
f o r  1000 sets of da ta  by the boots t rap s t a t i s t i c a l  method and inc lude  34, 50, and 
68 percent of those l ines (F rase r  and Kaufman, 1985a). Some of the ground-based 
measurements were made by Prospero ( J .  M. Prospero, p r i v a t e  communication, 1982). 

The three regress ion  lines were ca l cu la t ed  

41 



700  - 800 NM 
WASHINGTON, D.C. 

0.0 0.05 0.10 0.15 0.20 0.25 

RADIANCE (L) - CLEAR DAY 

Figure 18.- The change in normalized radiance from a day o f  low aerosol content t o  
one o f  high aerosol content in August  1982. 
Landsat 700-800 nm band;  Fo i s  the ex t ra te r res t r ia l  spectrum irradiance; and  p o  
i s  the cosine of the solar zenith angle (Kaufman and Fraser, 1984). 

The term L i s  the radiance in the 
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Figure 19.- Aeroso extinction ( k m - l )  prof i le  derived from SAGE I 1  solar occultation 
measurements a t  A 1.02 pm. One sigma error i s  shown as horizontal bars on the 
profile.  
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LIDAR TECHNOLOGY MEASUREMENTS AND TECHNOLOGY: REPORT OF PANEL 

E. V .  B r o w e l l *  and D. K. K i l l i n g e r *  (Chairmen) 

F. A l l a r i o ;  M. Br is tow;  H-Y Chung; J .  J .  Degnan 

M. P. McCormick; I .  S .  McDermid; S .  H. M e l f i ;  V .  A. Mohnen 
R. P h i l b r i c k ;  A. Rosenberg; and M. M. Sokolosk i  

D. E. F i t z j a r r a l d ;  W .  S .  Heaps; C. L. Korb; J .  B. Laudenslager 

L i d a r  i s  ready t o  make an impor tan t  c o n t r i b u t i o n  t o  t r o p o s p h e r i c  chemist ry  
research w i t h  a v a r i e t y  o f  spaceborne measurements t h a t  complement t h e  measurements 
f rom p a s s i v e  inst ruments.  Over t h e  l a s t  two decades, t h e  development o f  l i d a r  
techniques and systems has evolved t o  t h e  p o i n t  where i t  i s  be ing  used i n  many 
d i f f e r e n t  atmospher ic i n v e s t i g a t i o n s  from ground, a i rborne ,  and b a l l o o n  p la t fo rms.  
L i d a r  can now be considered f o r  near- term and f a r - t e r m  space miss ions  d e a l i n g  w i t h  a 
number o f  s c i e n t i f i c a l l y  impor tan t  issues i n  t r o p o s p h e r i c  chemist ry .  Measurements 
t h a t  can be made by a spaceborne l i d a r  system i n c l u d e  d i s t r i b u t i o n s  of aeroso ls  and 
gases u s i n g  t h e  a c t i v e  remote sensing techniques p r e v i o u s l y  discussed. S ince  t h e r e  
i s  a s c a r c i t y  o f  da ta  on t h e  g loba l  d i s t r i b u t i o n  o f  t r o p o s p h e r i c  species such as 03, 
H20, and aerosols ,  a l i d a r  system i n  space c o u l d  make a v a l u a b l e  c o n t r i b u t i o n  i n  
conduct ing t r o p o s p h e r i c  i n v e s t i g a t i o n s  i n  c o n j u n c t i o n  w i t h  pass ive  remote measure- 
ments o f  t h e  same o r  complementary species. 
e v o l u t i o n  i n  t h e  l i d a r  miss ions f rom space. 
t a b l e  V I I I ,  which i s  based on t h e  i n f o r m a t i o n  generated by t h e  L i d a r  Measurement and 
Technology Working Group r e p o r t  and on the r e p o r t  by E. V .  Browel l  ( b o t h  of which a r e  
presented i n  t h i s  document). 

I n  t h i s  sec t ion ,  we w i l l  address t h e  
D e t a i l s  o f  these miss ions  a r e  g i v e n  i n  

Three t i m e  p e r i o d s  were considered i n  t h e  e v o l u t i o n a r y  development. 
near- term p e r i o d  o f  Space S h u t t l e  f l i g h t s  i n  1990 and EOS miss ions  a f t e r  1993, l i d a r  
measurements o f  aerosols ,  H20, and 03 d i s t r i b u t i o n s  can be made i n  t h e  t roposphere.  
A s i n g l e  wavelength l i d a r  system operat ing from 0.5-1.0 m can p r o v i d e  measurements 
of  aerosol  s t r u c t u r e  th rough t h e  troposphere w i t h  a v e r t i c a l  r e s o l u t i o n  o f  (0.5 km. 
These da ta  c o n t a i n  i n f o r m a t i o n  on p lanetary  boundary- layer depth, s t a b l e  l a y e r s  i n  
t h e  f r e e  t roposphere,  c l o u d  he igh ts ,  and o t h e r  i n f e r r e d  meteoro log ica l  parameters. A 
mu1 t i p l  e wave1 ength 1 i dar  measurement o f  aeroso l  s can a1 so p r o v i  de some i n f  ormat i on 
on aerosol  s i z e  d i s t r i b u t i o n s  which may be used t o  i d e n t i f y  t h e  t y p e  o f  aeroso ls  
be ing  detected.  
t o - l o w e r  t r o p o s p h e r i c  H20 g l o b a l l y .  The H20 DIAL measurements w i l l  i n c l u d e  H20 
column c o n t e n t  and v e r t i c a l  p r o f i l e s  w i t h  1 t o  2 km r e s o l u t i o n .  Measurements o f  03 
column c o n t e n t  i n  t h e  t roposphere and 03 p r o f i l e s  w i t h  2 km v e r t i c a l  r e s o l u t i o n  can 
a l s o  be made. DIAL measurements o f  H20 and 03 a r e  made s imu l taneous ly  w i t h  aerosol  
d i s t r i b u t i o n  measurements a t  t h e  o f f - l i n e  wavelength. 

I n  t h e  

I n  t h i s  t i m e  per iod,  a DIAL system may be f l o w n  t o  i n v e s t i g a t e  mid- 

The second p e r i o d  i n  t h e  e v o l u t i o n  o f  l a s e r  remote sensing f rom space would 
i n c l u d e  p o s s i b l e  Space S h u t t l e  f l i g h t s  i n  t h e  mid 199O's, w i t h  an EOS miss ion  by 
1997. 
1992. 
v e r t i c a l  r e s o l  u t i  on throughout  t h e  t roposphere d u r i n g  t h e  day and n i g h t  . 

T h i s  r e q u i r e s  t h a t  t h e  l idar /DIAL techn ique and technology be ready by about 
F o r  t h i s  per iod ,  we expect t o  make spaceborne H20 DIAL measurements w i t h  1 km 

The c o l  umn 

*Prepared panel r e p o r t .  
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c o n t e n t  o f  NH3 can be ob ta ined  u s i n g  an I R  DIAL measurement, and temperature can be 
measured w i t h  an 0 DIAL technique w i t h  about 1 km v e r t i c a l  r e s o l u t i o n .  It i s  no ted  
t h a t  a l l  of t h e  l i 8 a r  measurement c a p a b i l i t y  no ted  f o r  t h e  i n i t i a l  p e r i o d  i s  a l s o  
a v a i l a b l e  f o r  t h i s  pe r iod .  

The t h i r d  period, f rom 2005-2010, i n c l u d e s  f u t u r e  DIAL measurements f rom space 
o f  t r a c e  spec ies  t h a t  c u r r e n t l y  have o n l y  been done a t  e leva ted  l e v e l s  i n  t h e  t r o p o -  
sphere w i t h  low-power DIAL systems. W i  t h  expected developments i n  1 aser  systems , i t  
i s  p o s s i b l e  t o  env i s ion  spaceborne DIAL column c o n t e n t  measurements o f  NO2, SO2, NO, 
CH4, CO, and, poss ib ly ,  H202. 

INTRODUCTION: REQUIRED LIDAR DEVELOPMENT AND MEASUREMENTS 

The use o f  a l i d a r  system f o r  t he  remote sens ing  o f  a t r o p o s p h e r i c  species f rom 
space r e q u i r e s  advances i n  l a s e r  and d e t e c t o r  technology and i n  s u p p o r t i n g  spec t ro -  
scopic and l i d a r  atmospheric measurements. These advances a r e  dependent upon t h e  
t y p e  o f  l i d a r  system t h a t  i s  be ing  cons idered and t h e  t ime  frame f o r  t h e  expected 
implementat ion o f  t h e  l i d a r  o r  DIAL system f o r  bo th  Space S h u t t l e  and EOS a p p l i c a -  
t i o n s .  T h i s  t ime  frame has been broken i n t o  t h r e e  ca tegor ies- -des ignated  by I, 11, 
and 111--which represent, r e s p e c t i v e l y ,  near te rm (1986-19921, l o n g  te rm (1990-2000), 
and those techniques i n  t h e  f a r  f u t u r e  which w i l l  r e q u i r e  a s i g n i f i c a n t  technology 
breakthrough t o  be r e a l i z e d .  

Using these c r i t e r i a ,  t h e  l i d a r  panel produced two compendiums o f  t h e i r  assess- 
ment o f  l a s e r  and l i d a r  technology and an approximate l i s t i n g  o f  t h e  expected t i m e  
t h a t  such l a s e r s  would be a v a i l a b l e  f o r  space missions. The f i r s t  compendium con- 
s i s t e d  o f  worksheets t h a t  desc r ibe  t h e  t e c h n i c a l  d e t a i l s  f o r  t h e  l a s e r  remote sens ing  
of  each atmospheric c o n s t i t u e n t .  The t e c h n i c a l  i ssues  addressed i n c l u d e  l a s e r  a v a i l -  
a b i l i t y ,  o p t i c a l  de tec t i on  s e n s i t i v i t y ,  and a l i s t i n g  o f  t h e  most s e r i o u s  t e c h n i c a l  
issues. These worksheets were used t o  compi le a second compendium on t h e  l i d a r  
technology assessment, which i s  a summary o f  t h e  r e s u l t s  f rom t h e  worksheets. T h i s  
"summary" assessment i s  g iven  i n  t h e  f o l l o w i n g  sec t i on .  

SUMMARY OF LIDAR TECHNOLOGY ASSESSMENT 

Tab le  I X  i s  an assessment o f  l a s e r  a v a i l a b i l i t y  f o r  space miss ions  based upon 
t h e  t e c h n i c a l  da ta  t o  be g i ven  i n  t h e  worksheets presented. I 

The t ime  frame f o r  u s i n g  each t ype  o f  l a s e r  i s  g i ven  f o r  miss ions  on t h e  Space 
S h u t t l e  and on EOS w i t h  low and h i g h  du ty  cyc les .  
ments c o u l d  be conducted u s i n g  an A l e x a n d r i t e  l a s e r  on t h e  Space S h u t t l e  by 1990, EOS 
( w i t h  10-percent duty c y c l e )  by 1993, and on EOS w i th  l o n g  l i f e  by 1997. A 
continuous-wave (CW) C02 l a s e r  i s  f e l t  t o  be a b l e  t o  measure t h e  column c o n t e n t  o f  
water vapor f rom t h e  Space S h u t t l e  and EOS i n  t h e  same t ime  frames. Aerosols and 
c louds  and Excimer-based O3 measurements a r e  t h e  o n l y  o t h e r  l i d a r  a p p l i c a t i o n s  t h a t  
may be a v a i l a b l e  by 1993 f o r  EOS. By 1997, t h e  measurement o f  NH3 may be p o s s i b l e  
from EOS, u s i n g  a C02 l a s e r  system. L o n g - l i f e  DIAL i n v e s t i g a t i o n s  o f  H20, 03, and 
NH3 may be conducted from EOS i n  t h e  l a t e  1990's. Measurements o f  C O Y  CH4, NO, NO2, 
SO2, and H202 f rom space w i l l  be paced by t h e  development o f  s u i t a b l e  l a s e r s .  It i s  
expected t h a t  DIAL measurements o f  these species f rom EOS w i l l  be ready i n  t h e  2010 
t i m e  frame. 

For  example, water vapor measure- 
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I t  i s  informative t o  group these missions by the indicated time frames, and then 
l i s t  the most stressing technical issues f o r  the development of spaceborne l i d a r  
systems. These may be expressed as follows. 

Phase I:  Near-Term Technology Development and Measurements 

A. Aerosol Lidar 

1. Need high-a1 t i tude feas ib i l i ty  demonstration of l i d a r  detection of tropospheric 
aerosols using Nd:YAG, Excimer, or Alexandrite lasers .  

2. Increase efficiency and l ifetime o f  flashlamp pumped Nd:YAG and Alexandrite 
1 asers and discharge Excimer 1 aser. 

3. Develop high-efficiency diode pumped sol id-s ta te  lasers.  

B. H20 DIAL Detection (Column Content) 

1. Develop high-resolution Alexandrite l a se r  for  DIAL use. 

2. Demonstrate DIAL capability a t  h i g h  a1 t i  tude. 

3. Study and develop use of CW C02 homodyne (heterodyne) l i d a r  for water vapor 
detection. 

C .  0, DIAL Detection (Column Content) 

1. Demonstrate use of Excimer laser  DIAL system a t  h i g h  a l t i tude  (>80 km) for  
tropospheric O3 detection. 

2. Study use of homodyne (heterodyne) C02 DIAL for  03 column content measurements. 

Phase 11: Long-Term Technology Development and Measurements 

A. H,O Range-Resolved Measurements 

1. Increase power and efficiency of Alexandrite laser  for H20 measurements. 

2. Study use of Nd:GLASS and Raman shifted technology for upper tropospheric H20 
profi 1 i ng. 

3. Develop diode-pumped tunable solid-state lasers.  

B. N H 3  Measurements 

1. Develop CW CO2 heterodyne DIAL for column content NH3 measurements. 

C. NH3 Temperature Measurements 

temperature measurements. 
1. Devel op h i  gh-resol u t i  on A1 exandri te 1 aser w i t h  preci si on wave1 ength control for  
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Phase I I I : Techno1 ogy Breakthrough Required 

A. CHd, NO,  NO7, and H7O7 Measurements 

1 . These molecules have absorption spectra i n  spectral regions where current 
lasers do n o t  have sufficient power for remote sensing purposes and current 
attempts t o  reach such wavelengths a t  h i g h  power have not ,  as y e m e e n  fruit- 
ful. However, some new laboratory frequency shifting techniques do h o l d  prom- 
ise. These include Raman shifting of an Excimer laser and stimulated elec- 
troni c Raman shi f t i  ng i n cesi um vapor usi ng a frequency doubl ed A1 exandri t e  
1 aser. 

1. so2 can be detected i n  the atmosphere using a UV laser source, b u t  only a t  very 
h i g h  concentrations such as t h a t  emitted by a power p l a n t  plume. 
depth of SOp under normal conditions may be too  low t o  permit detection i n  the 
ambient troposphere. 

The optical 

c. co 
1. The detection of CO requires a 4.7 pm laser source. Frequency shifting tech- 

niques hold promise i n  reaching this spectral region, b u t  much future work i s  
requi red before h i g h  1 aser powers w i  11 be real i zed. 
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Period 

I .  

11. 

111. 

TABLE V I I 1 . -  PROPOSED EVOLUTION OF L I D A R  SPACE MISSIONS 

Techno1 ogy Shut t le  E OS 
Ready F l l g h t  F l i g h t *  

1987 t 1 1990 * 1 1993 f 1 

1992 1995 1997 

2000 2005 2010 

Measurement 

Aerosol/cloud d l s t r l b u t l o n  and planetary 

Coarse aerosol d i s t r l b u t l o n  and tropo- 

H20 - CC and RR (bz = 2 km, dd- to- law 

0, - CC and RR (AZ - 2 km) 

boundary layer (1x1 

pause height ( 3 ~ )  

troposphere) 

H20 ( b z  = 1 km through troposphere) 

NH, - CC 

Temperature (e2 - 1 kn) 

NO2 - CC 

so, - cc 
NO - CC 

CH, - CC and RR 

CO - CC and RR 

H202 - CC 

L ldar  operated a t  10 percent duty cycle, Period I .  
CC P Column content 
RR P Range resolved (p ro f i les )  
na i n number o f  l l d a r  wavelengths 
AZ P v e r t i c a l  resolut lon o f  l i d a r  measurement 

Candidate Lasers 

Many choices (0.5-1.0 fl) 

Nd:YAG (0.35, 0.53, and 1.06 ~ n )  

A1 exandrl t e  

Exclmer (Raman-shifted) 

Nd: GLASS (Raman-shifted 1 

co2 

Alexandrl t e  

Exclmer (Raman-shi f t e d  1 

Excimer (Raman-shi f ted)  

Not 1 dentf f l ed 

Not i d e n t l  f l e d  

Not 1 denti  f 1 ed 

Not i dent1 f l e d  
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TABLE 1X.- ASSESSMENT OF LASER A V A I L A B I L I T Y  FOR SPACE MISSIONS 

Time Frame 

Species 

H2O 

03 

co 

CH4 

"3 

Aerosols 

NO 

NO2 

so2 

"202 

*Shutt le: 

Laser 

A1 exandri t e  

CO, (CW) 
T i  :Al ,03 
Nd:YAG-Dye 
Nd: GLASS 

OPO 

Excimer 

CO, 

2x40, 

? 

Nd:YAG (2X; 3X) 
Excimer + Raman 

Alexandr i te 

T i  :A1 ,03 
Diode-pumped YAG 

2X-cO2 

Excimer + Raman 

Excimer + Raman 

? 

Shut t le  * 
I 
I+ 
I1 
I1 
I1 
I1 

I 
I1 

I11 

I11 

I1 

I 
I 
I 
I1 
I1 

I11 

I1 

I1 

I11 

I--1990; II--1995; 111--2005 
EOS: 1--1993; II--1997; III--2010 

**Category I f o r  H,O column content and 
Category I1 f o r  lower and upper trop. 

2X 5 frequency doubled l ase r  output 
3X frequency t r i p l e d  l ase r  output 

+Column content only 

EOS (10% Duty) 

I ** 
I+ 
I1 
I1 
I1 
I1 

I 
I1 

I11 

I11 

I1 

I 
I 
I 

11-111 
11-111 

I11 

I11 

I11 

I11 

Long L i f e  
EOS 

i1 
11-111 
111 
111 
111 
111 

i1 
11 

111 

111 

11 

1-11 
11 
11 

11-111 
11-111 

111 

111 

111 

111 

lower trop. H,O p r o f i l e s  (mostly a t  n i g h t )  
H,O p r o f i l e s  day/night 



WORKSHEETS ON LIDAR TECHNOLOGY 

T h i s  s e c t i o n  presents  t h e  worksheets produced by t h e  L i d a r  Measurements and 
Techno1 ogy Working Group. They e s s e n t i a l l y  1 i s t  t h e  most p r e s s i  ng t e c h n i  ca l  i ssues  
f o r  t h e  l a s e r  remote sensing o f  each i d e n t i f i e d  atmospher ic c o n s t i t u e n t  f rom space. 

LASER REMOTE SENSING WORKSHEET 

SPECIES: Aerosols 

1. Wave1 ength  : 1.06 urn 
0.53 urn 
0.355 urn 

2. Adequate O p t i c a l  Depth: N/A 

3. Any Unique Spectra 
Requirements: None 

4. Approp r ia te  Laser Source: Nd:YAG + 2X, 3X 

TECHNICAL ISSUES: 

We1 1 demonstrated 
Probable l i f e t i m e ,  e f f i c i e n c y ?  

S ize  d i s t r i b u t i o n  f rom 3 A values 
De tec t  a t  1.06 p w - l i m i t e d  a v a i l a b i l i t y  o f  PMT 

5. Es t imate  of Appropr i  a t e  A i  rborne demonstrat i  on compl e t e d  
F i  e l  d Demonstrat i  on: LITE ( S h u t t l e )  1989 

6. Es t imate  of Measurement 1 x + 50 percent  e r r o r  
R e s o l u t i o n  (Accuracy): 3 1 + 10 Percent e r r o r  

49 



LASER REMOTE SENSING WORKSHEET 

SPEC IES : Aerosol s 

1. Wave1 ength: 

2. Adequate Optical Depth: 

3. Any Unique Spectra 
Requirements: 

4. Appropriate Laser Source: 

TECHNICAL ISSUES: 

0.3 pm 
10.6 pm 

Okay a t  0.3 
Little backsca t t e r  a t  10.6 pm 

None 

Excimer (0.3 Urn) 
C02 (10.6 vtn) 

Excimer co2 

Raman s h i f t  t o  0.35, 0.5, 
a n d  0.6 pm 

Need heterodyne detect ion . Outgrowth of Doppler l i d a r  
More complex than 1 urn 
If  a i r  i s  clean, then no s ignal  

5. Estimate o f  Appropriate 
F i e 1 d Demon s t r a ti  on : 

6. Estimate of Measurement 
Resolution (Accuracy): 

Excimer--Need a i rbo rne  demonstration 
C02--Labratory demonstration complete 

TB D 



SPECIES: Aerosols 

1. Wave1 ength:  

LASER REMOTE SENSING WORKSHEET 

0.7 pm 
0.5 pm 

2. Adequate O p t i c a l  Depth: N/A 

3. Any Unique Spectra 
Requirements : None 

4. Approp r ia te  Laser Source: A lexandr i t e  (0.7 urn) 
Ti :Sapphire (0.7 um) 
Diode Pumped (0.5 fl) 

Nd:YAG (2X, 3x1 

TECHN I CAL ISSUES : 

A l e x a n d r i t e  T i  : Sapphi r e  Diode Pumped 

* Energy Okay (1/2 j o u l e )  * 2-5 years develop- 2-5 years  develop- 
L i f e t i m e ?  ment needed ment requ i  r e d  
E f f i c i e n c y ?  
P o s s i b i l i t y  o f  

Doppl e r /aeroso l  
s p e c t r a l  r e s o l  u- 
ti on 

5. Es t imate  o f  Appropr ia te  
F i e l  d Demons t r a  t i on : 1988 

6. Es t imate  o f  Measurement 
R e s o l u t i o n  (Accuracy): TBD 
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LASER REMOTE SENSING WORKSHEET 

SPECIES: H,O 

1. Wave1 ength:  0.72 pm 

2. Adequate Opt ica l  Depth: Okay 

3. Any Unique Spectra A A  = 1 pm lower t roposphere s p e c t r a l  p u r i t y  >99 per -  
Requirements: c e n t  

4. Approp r ia te  Laser Source: YAG Pumped Dye 
A1 exandr i  t e  . Ti:A12P3 

TECHNICAL ISSUES: 

YAG Pumped Dye 

Cur ren t  s t a t u s  power 
x 5 t o o  low 

Spectra l  p u r i t y  
problem 

Large s i z e  . L i f e t i m e :  105-106 
shots 

Need wavemeter development 

5. Es t imate  of  Appropr ia te  
F i e 1 d Demons t r a  t i on : 

6. Es t imate  o f  Measurement 
Resol u t i o n  (Accuracy): 

A1 exandr i  t e  TI:A1203 

Power okay f o r  CC Low proven power 
Power l ow  (X3 f o r  Need demonstrat ion 

range r e s o l v e d  t u n i n g  and l i n e -  
Low e f f i c i e n c y  w i d t h  
L i f e t i m e ?  
P - 1/2 j o u l e  i n  

2 years  

1988--A1 exandr i  t e  DIAL system w i t h  wavemeter 
demonstrated i n  ER-2 

5 percent  CC 
10 percent  AR 
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I 
I 

LASER REMOTE SENSING WORKSHEET 

1- Wavelength: 0.94 um 

2. Adequate O p t i c a l  Depth: Okay 

3. Any Unique Spec t ra  
Requirements : 0.5 picometer 1 i n e w i d t h  f o r  upper t roposphere 

4. Appropr ia te  Laser  Source: Dye 
Nd:GLASS 
Ti:A1,0, and OPO 

TECHNICAL ISSUES: 

Dye Nd: GLASS 
Ti:A1,0, and OPO 

Low power * Raman s h i f t  Requires develop- 
Emerging technology: men t 

slabs (2-5 y e a r s )  Raman s h i f t  

Detec tors :  Avalanche photodiode? 

5. Es t imate  o f  A p p r o p r i a t e  
F i e l d  Demonstrat ion:  

6. Es t imate  o f  Measurement 
R e s o l u t i o n  (Accuracy)  : 

a1988 f o r  Dye and Nd:GLASS DIAL measurements 

Aerosol backscat ter  same as 0.72 pm H,O 
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LASER REMOTE SENSING WORKSHEET 

SPECIES: H,O 

1. Wave1 ength: 10.6 prn 

2. Adequate Optical  Depth: Optical  depth? 

3. Any Unique Spectra 
Requirements: TB D 

4. Appropriate Laser Source: CO, 

TECHNICAL ISSUES: 

Heterodyne detector  required 
(Okay f o r  CW--Column content )  
Use Homodyne 

5. Estimate o f  Appropriate 
F ie1  d Demonstration: TB D 

6. Estimate o f  Measurement 
Resol u t i  on (Accuracy) : TBD 
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LASER REMOTE SENSING WORKSHEET 

SPECIES: 0, 

1. Wave1 ength: 0.308 vm 

2. Adequate O p t i c a l  Depth: Okay 

3. Any Unique Spectra 
Requirements: No frequency c o n t r o l ;  0, band i s  broad 

4. Appropr ia te  Laser Source: Excimer (Need -4A f i l t e r  f o r  d e t e c t i o n )  

TECHNICAL ISSUES: 

o Raman s h i f t  f o r  o f f - l i n e  
o Cur ren t  powers okay 
o L i f e t i m e ?  
o Penet ra t ion  through s t ra tosphere? 
o Good atmospheric backscat te r  a t  3080 A 

5. Es t imate  o f  Appropr ia te  
F i e 1  d Demonstrat ion: Need ba l loon t e s t s  

6. Es t imate  o f  Measurement 
Resol u t i  on (Accuracy 1 : TBD 
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LASER REMOTE SENSING WORKSHEET 

SPECIES: 0, 

1. Wave1 ength: 10 pm 

2. Adequate O p t i c a l  Depth: Okay 

3. Any Unique Spectra 
Requirements : S i  ng l  e Frequency 

4. Approp r ia te  Laser Source: CO, 

TECHNICAL ISSUES: 

Pulsed C02 

Okay f o r  column con ten t  
P o s s i b l e  l i f e t i m e  problem 

P e n e t r a t i o n  through s t ra tospher ic  
D i  f f eren ti a1 a1 bedo prob l  em 

O,? (Tune t o  s ide  o f  l i n e . )  

cw co* 

Column con ten t  
No l i f e t i m e  problem 

5. Est imate o f  Approp r ia te  
F i e l d  Demonstrat ion: Need bal loon t e s t s  (35-40 km) 

6. Est imate o f  Measurement 
R e s o l u t i o n  (Accuracy):  10 percent? 
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SPECIES: ISH, 

1. Wavelength: 

LASER REMOTE SENSING WORKSHEET 

10pm 

2. Adequate O p t i c a l  Depth: TBD 

3. Any Unique Spectra May be problem due t o  smal l  o p t i c a l  depth and sha l low 
Requirements : 1 ayer 

4. Appropr ia te  Laser Source: CO, 

TECHNICAL ISSUES: 

Heterodyne de tec  ti on 
Same s t a t u s  as CO, DIAL fo r  0, (except  no s t r a t o s p h e r i c  

bu rn  through problem as w i t h  ozone) 

5. Es t imate  o f  Appropr ia te  
F i e l d  Demonstrat ion: TB D 

6. Es t imate  o f  Measurement 
R e s o l u t i o n  (Accuracy):  TBD 
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SPECIES: CH, 

1. 

2. 

3. 

4. 

5. 

6. 
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Wavelength: 

LASER REMOTE SENSING WORKSHEET 

7.7 um 
3.3 Urn 

Adequate Opt ica l  Depth: TBD 

Any Unique Spectra 
Requirements: TB D 

Approp r ia te  Laser Source: No c u r r e n t  l a s e r s  

TECHNICAL ISSUES: 

Fu ture  Candidate Lasers : 

a. Raman s h i f t  A lexandr i t e  
b. Solid-state tunab le  l a s e r  

Es t imate  o f  Appropr ia te 
F i  e l  d Demons t r a  t i on : 

Est imate  o f  Measurement 
Reso lu t i on  (Accuracy): 

TB D 

TB D 



LASER REMOTE SENSING WORKSHEET 

SPECIES: CO 

1. Wavelength: 4.6 pm 
2.3 pm 

2. Adequate O p t i c a l  Depth: Okay 

3. Any Unique Spectra 
Requirements: TB D 

4. Approp r ia te  Laser Source: Doubled CO, o r  CO a t  4.6 

TECHNICAL ISSUES: 

Cur ren t  Lasers Lack Power a t  4.6 No C u r r e n t  Laser  a t  2.3 

2X C0,--Need heterodyne 
d e t e c t o r  (L. 0, problem) 

Poss ib le  CO l a s e r  ( o p t i c a l  
depth? 1 

Future :  Raman s h i f t  
(5 Years?) 

5. Es t imate  o f  Appropr ia te  
F i e l d  Demonstrat ion:  TB D 

6. Est imate  o f  Measurement 
R e s o l u t i o n  (Accuracy 1: TBD 
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LIDAR MEASUREMENTS FROM SPACE FOR TROPOSPHERIC CHEMISTRY INVESTIGATIONS: 
SUMMARY OF WORKSHOP OVERVIEW PRESENTATION 

E .  V. Browel l  

ABSTRACT 

Over t h e  past decade, NASA has p layed a l e a d  r o l e  i n  d e f i n i n g  t h e  s c i e n t i f i c  
o b j e c t i v e s  and technology requirements f o r  spaceborne l i d a r  i n v e s t i g a t i o n s  of t h e  
atmosphere. T h i s  paper presents  an assessment o f  t h e  p o t e n t i a l  f o r  conduct ing l i d a r  
measurements f rom space f o r  i n v e s t i g a t i o n s  t h a t  p e r t a i n  s p e c i f i c a l l y  t o  t r o p o s p h e r i c  
chemist ry .  I n  t h i s  paper, a d e s c r i p t i o n  o f  p o t e n t i a l  l i d a r  measurement techniques i s  
given, and t h e  s c i e n t i f i c  requirements f o r  t r o p o s p h e r i c  chemist ry  a r e  reviewed. The 
c u r r e n t  s t a t u s  o f  a i r b o r n e  l i d a r  measurements o f  aerosols ,  03, and H20 i s  discussed, 
and a b r i e f  d e s c r i p t i o n  o f  t h e  e v o l u t i o n  o f  l i d a r  technology t o  space i s  g iven.  
Also,  t h e  measurement o f  t r o p o s p h e r i c  gases w i t h  a spaceborne l i d a r  system i s  
eva lua ted  f o r  a wide range o f  gas species.  From t h i s  general  assessment, i t  appears 
f e a s i b l e  t o  measure aerosols ,  H20, 03, "3, C O Y  CH4, NO2, atmospher ic pressure and 
temperature,  and winds w i t h  a l i d a r  f rom space p r o v i d e d  t h a t  t h e  a p p r o p r i a t e  l a s e r  
and r e c e i v e r  technology i s  a v a i l a b l e .  F o r  t h e  mid-1990'sY i t  i s  expected t h a t  l i d a r  
technology w i l l  be a v a i l a b l e  f o r  t h e  measurement o f  aerosols ,  H20, and 03 f rom a 
space p la t fo rm.  

INTRODUCTION 

L i d a r  has been used e x t e n s i v e l y  s i n c e  t h e  e a r l y  1960's f o r  making measurements 
of var ious  p r o p e r t i e s  o f  t h e  E a r t h ' s  atmosphere. 
backscat te r ing ,  gas c o n c e n t r a t i o n  p r o f i l e s ,  wind v e l o c i t i e s ,  and atmospher ic waves. 
The development o f  l i d a r  i n  t h e  e a r l y  years  was p r i m a r i l y  concerned w i t h  l a b o r a t o r y  
and ground-based systems. Measurements w i t h  a i  rborne  1 i dar  systems were n o t  made 
u n t i l  t h e  e a r l y  1970's. By 1975, t h e  l i d a r  techn ique was w e l l  proven and consider-  
a t i o n  was be ing  given t o  develop ing a s h u t t l e - b o r n e  l i d a r  system. 
now undergoing development t o  demonstrate t h e  b a s i c  measurements o f  aerosol  and c l o u d  
d i s t r i b u t i o n s  f rom space. 

These i n c l u d e  molecu la r  and aerosol  

A l i d a r  system i s  

There a r e  f o u r  p r imary  atmospher ic l i d a r  processes or techniques:  e l a s t i c  scat -  
t e r i n g ,  Raman s c a t t e r i n g ,  resonance f luorescence,  and d i f f e r e n t i a l  absorp t ion .  L i d a r  
measurements u t i l i z i n g  e l a s t i c  b a c k s c a t t e r i n g  have focused p r i m a r i l y  on i n v e s t i g a -  
t i o n s  o f  mo lecu la r  dens i ty ,  aerosol  and c l o u d  d i s t r i b u t i o n s ,  and winds (e.g., F i o c c o  
and Grams, 1966; Lane e t  al., 1971; B i l b r o  and Vaughan, 1978). L i d a r  systems d e t e c t -  
i n g  Raman-shifted f requencies have g e n e r a l l y  been l i m i t e d  t o  measurements of gases 
hav ing  h i g h  m i x i n g  r a t i o s ,  such as water vapor, a t  r e l a t i v e l y  s h o r t  ranges o f  1 t o  
4 km a t  n i g h t  (Cooney, 1971; M e l f i  and Whiteman, 1985). Resonance f luorescence has 
been an impor tan t  technique used t o  measure sodium, potassium, and atmospher ic waves 
i n  t h e  upper atmosphere (e.g., Bowman e t  a l . ,  1969; Megie e t  a l . ,  1978; and Chanin 
and Hauchecorne, 1981). The D i f f e r e n t i a l  Absorp t ion  L i d a r  (DIAL) techn ique focuses 
on t h e  simultaneous measurement o f  aerosol  and gas c o n c e n t r a t i o n  p r o f i l e s ,  and i t  i s  
t h e  pr imary  l i d a r  technique f o r  use i n  t r o p o s p h e r i c  gas measurements f rom space. 
T h i s  technique requ i res  t h e  near-s imultaneous t r a n s m i s s i o n  o f  two wavelengths, usu- 
a l l y  by two tunab le  lasers .  One o f  t h e  l a s e r s  i s  tuned "on" t h e  peak of an absorp- 
t i o n  l i n e  o f  t h e  species t o  be measured, and t h e  o t h e r  i s  tuned " o f f "  t h e  a b s o r p t i o n  
peak t o  a nearby wavelength. 
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atmosphere t o  a c o l l o c a t e d  r e c e i v e r  where t h e  s i g n a l s  a r e  d i g i t i z e d  as a f u n c t i o n  o f  
range. The average gas c o n c e n t r a t i o n  n between range R1 and R2 can be c a l c u l a t e d  
u s i n g  t h e  express ion  (Schot land, 1974) 

where a0 -uoff i s  t h e  absorp t ion  cross sec t ion  d i f f e r e n c e  between t h e  on and o f f  
wave1 engfhs, and Poff(R) and Po, (R) a r e  the d e t e c t e d  b a c k s c a t t e r i n g  s i g n a l s  r e c e i  ved 
f rom range R f o r  t h e  on and of f  wavelengths, r e s p e c t i v e l y .  

As shown i n  f i g u r e  20, t h e  development and a p p l i c a t i o n  o f  l i d a r  techniques have 
seen a steady growth over  t h e  l a s t  two decades. E a r l y  ground-based DIAL systems mea- 
sured atmospher ic  H20 and aerosols  (Schotland, 1966; Browel l  e t  a l . ,  1979); SO2 i n  
power p l a n t  s tack  plumes (Hoe11 e t  a1 . , 1975; Browel 1 , 1982); and 03 i n  t h e  lower  
atmosphere (Pelon and Megie, 1982). Recently, an advanced a i r b o r n e  DIAL system was 
developed and has been used t o  measure 03, H20, and aeroso ls  i n  t h e  t roposphere 
(Browel l  e t  a1 ., 1983). S tud ies  o f  spaceborne l i d a r  measurements and systems can be 
t r a c e d  back t o  t h e  e a r l y  1970’s. The most comprehensive s tudy o f  t h e  sc ience objec-  
t i  ves and measurement capabi 1 i ti es o f  a spaceborne 1 i dar  system was pub1 i shed by NASA 
i n  1979 (NASA, 1979). These a c t i v i t i e s  l e d  t o  t h e  development o f  an autonomous DIAL 
system f o r  t h e  measurement o f  H20 and aerosols f rom a h i g h - a l t i t u d e  ER-2 a i r c r a f t  as 
a p r e c u r s o r  t o  a spaceborne DIAL system. 

A work ing  group was formed by NASA i n  1978 t o  i d e n t i f y  t h e  major  measurement 
requi rements i n  t r o p o s p h e r i c  chemis t ry  and t o  develop t h e  s c i e n t i f i c  r a t i o n a l e  and 
recommended research a c t i v i t i e s  t o  be conducted by NASA t o  inc rease our  understanding 
of t h e  t roposphere  (NASA, 1981). A summary o f  t h e  measurement requirements i d e n t i -  
f i e d  by t h a t  group i s  g iven  i n  t a b l e  X .  A minimum o f  two gas c o n c e n t r a t i o n  measure- 
ments i n  t h e  t roposphere,  one across the  boundary l a y e r  and one across t h e  f r e e  
t roposphere,  was determined t o  be necessary f o r  most t r o p o s p h e r i c  chemis t ry  appl i c a -  
t i o n s .  L i s t e d  i n  t a b l e  X a r e  t h e  minimum d e t e c t a b l e  gas c o n c e n t r a t i o n  l e v e l s  t h a t  
would be requ i red .  The measurement o f  atmospheric s t a t e  v a r i a b l e s  was n o t  i d e n t i f i e d  
t o  be o f  s t r o n g  importance i n  t ropospher ic  chemis t ry  a p p l i c a t i o n s ,  and thus,  r e l a -  
t i v e l y  low accurac ies were needed f o r  the measurement o f  these parameters. In forma- 
t i o n  on a e r o s o l s  was c i t e d  as impor tan t  f o r  t h e  understanding o f  heterogeneous 
chemist ry ,  atmospher ic s t r u c t u r e ,  and atmospheric t r a n s p o r t .  

T h i s  paper discusses t h e  s t a t u s  o f  c u r r e n t  a i r b o r n e  l i d a r  measurements o f  
aerosols ,  03, and H20 and t h e  planned e v o l u t i o n  o f  l i d a r  technology t o  space. A 
genera l  e v a l u a t i o n  o f  gas measurements w i t h  l i d a r  f rom space i s  presented. F u t u r e  
developments i n  l i d a r  techniques and measurements t h a t  a r e  s u i t a b l e  f o r  space 
a p p l i c a t i o n s  a r e  assessed, and technology requi rements f o r  f u t u r e  spaceborne l i d a r  
systems f o r  t r o p o s p h e r i c  measurements are presented. 

AIRBORNE LIDAR MEASUREMENTS OF AEROSOLS, O 3  AND H20 

An advanced a i r b o r n e  DIAL system has been developed a t  t h e  NASA Langley Research 
Center f o r  t h e  i n v e s t i g a t i o n  o f  aerosols,  03, and H20 i n  t h e  t roposphere (Browel l  
e t  al., 1983). A schematic o f  t h e  a i rborne  DIAL system mounted i n  t h e  NASA Wallops 
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E l e c t r a  a i r c r a f t  i s  shown i n  f i g u r e  21. 
l a s e r s  a r e  used t o  pump two h i g h  convers ion e f f i c i e n c y  dye l a s e r s .  The on and o f f  
wavelengths a r e  produced i n  sequent ia l  l a s e r  pu lses  w i t h  100 t o  250 MS separa t ion .  
Backscat te red  l i d a r  r e t u r n s  a t  t h e  two wavelengths a r e  s e q u e n t i a l l y  de tec ted  by a 
p h o t o m u l t i p l i e r  tube, d i g i t i z e d ,  and s t o r e d  on high-speed magnet ic tape. 
t r a t i o n s  and aerosol b a c k s c a t t e r i n g  p r o f i l e s  a r e  c a l c u l a t e d  f o r  each measurement i n  
r e a l  t i m e  by a minicomputer. 
requi rements:  The dye l a s e r  i s  e a s i l y  
tuned w i t h  d i f f e r e n t  dyes over a wide s e l e c t i o n  o f  wavelengths f rom 400 t o  1200 nm, 
and t h e  ou tpu t  can be frequency doubled i n t o  t h e  UV. The performance parameters o f  
t h e  a i r b o r n e  DIAL system o p e r a t i n g  i n  t h e  UV and near- IR a r e  l i s t e d  i n  t a b l e  X I .  

I n  t h i s  system, two frequency doubled Nd:YAG 

Gas concen- 

The s e l e c t i o n  o f  t h e  l a s e r s  was d i c t a t e d  by t h r e e  b a s i c  
t u n a b i l i t y ,  h i g h  power, and r e l i a b i l i t y .  

Examples o f  a i r b o r n e  DIAL da ta  a r e  shown i n  f i g u r e  22 t o  i l l u s t r a t e  some of t h e  
c a p a b i l i t i e s  of the system. S igna l  r e t u r n s  f rom t h e  UV (300 nm) and v i s i b l e  (600 nm) 
channels a r e  d isp layed a t  t h e  t o p  o f  t h e  f i g u r e  t o  show t h e  r e l a t i v e  c o n t r a s t  r e s u l t -  
i n g  f rom increased aerosol  b a c k s c a t t e r i n g  i n  t h e  atmospher ic boundary l a y e r .  
range-corrected v i s i b l e  channel i s  shown a t  t h e  lower  l e f t ,  and a gray s c a l e  p i c t u r e  
made u s i n g  t h e s e  data i s  shown a t  t h e  lower  r i g h t .  
s c a l e  represents  a l a s e r  shot  , and t h e  d a r k e r  reg ions  represent  g r e a t e r  atmospher ic 
backscat te r ing ,  or aerosol  concent ra t ion .  
a r y  l a y e r  h e i g h t  and presence o f  c louds (dark reg ions  f o l l o w e d  by absence o f  r e t u r n  
s i g n a l  f rom lower  a l t i t u d e s ) .  T h i s  t y p e  o f  aerosol  da ta  can p r o v i d e  i n f o r m a t i o n  on 
w i d e l y  v a r y i  ng atmospheri c c o n d i t i o n s  i n c l  u d i  ng aerosol  1 a y e r i  ng and t r a n s p o r t  , 
clouds,  condensation l e v e l s ,  and topograph ic  f e a t u r e s .  F i g u r e  23 presents  an i n t e r -  
comparison o f  D I A L  03 measurements w i t h  i n  s i t u  measurements made onboard a smal l  
a i r c r a f t  s p i r a l i n g  i n  t h e  v i c i n i t y  o f  t h e  E l e c t r a .  The in te rcompar ison shows t h a t :  
(1) t h e  remote l i d a r  measurements and i n  s i t u  measurements a r e  i n  e x c e l l e n t  agree- 
ment, (2) t h e  D I A L  measurements have 10 percent  o r  l e s s  measurement u n c e r t a i n t y  f o r  
t h e  s p a t i a l  r e s o l u t i o n  shown, and (3) t h e  DIAL measurements can be made w i t h  h i g h  
v e r t i c a l  (210 m) and h o r i z o n t a l  (6 km) r e s o l u t i o n .  

The 

Each v e r t i c a l  l i n e  o f  t h e  gray 

T h i s  gray s c a l e  c l e a r l y  d e f i n e s  t h e  bound- 

A i r b o r n e  D I A L  measurements have been used t o  s tudy t h e  c o r r e l a t i o n  between 
s p a t i a l  d i s t r i b u t i o n s  o f  O3 and aeroso ls  i n  t h e  t roposphere and lower  s t ra tosphere .  
F i g u r e  24 shows 03 measurements by t h e  DIAL system i n  t h e  z e n i t h - v i e w i n g  mode com- 
pared w i t h  i n  s i t u  observat ions.  
measured by an ozonesonde a r e  presented i n  t h e  f i g u r e  a long w i t h  DIAL 03 data.  The 
l o c a t i o n  o f  a change i n  s lope o f  t h e  p o t e n t i a l  temperature p r o f i l e  (=ll km) d e f i n e s  
t h e  h e i g h t  o f  t h e  tropopause. The 03 p r o f i l e s  show l a y e r i n g  o f  03 i n  t h e  lower  
s t r a t o s p h e r i c  regions, and t h e r e  i s  good agreement between t h e  DIAL and i n  s i t u  
measurements. 
a long t h e  f l i g h t  path o f  t h e  a i r c r a f t .  T h i s  i n d i c a t e s  t h e  a b i l i t y  o f  an a i r b o r n e  
DIAL system t o  map 03 l a y e r s  i n  t h e  t roposphere and lower  s t r a t o s p h e r e  and t o  s tudy 
s t r a t o s p h e r e  and troposphere exchanges. 

P r o f i l e s  o f  p o t e n t i a l  temperature and ozone 

Fur ther ,  o t h e r  DIAL measurements show t h a t  t h i s  O3 l a y e r i n g  p e r s i s t e d  

When t h e  a i rborne  DIAL system i s  used t o  s tudy  H20 p r o f i l e s ,  t h e  o n - l i n e  l a s e r  
wavelength i s  tuned t o  c o i n c i d e  w i t h  t h e  peak o f  a H20 a b s o r p t i o n  l i n e  i n  t h e  720 nm 
reg ion .  An in tercompar ison between t h e  DIAL H20 measurements and i n  s i t u  observa- 
t i o n s  i s  shown i n  f i g u r e  25. The good comparison between these two observa t ions  
shows t h e  a b i l i t y  o f  t h e  DIAL system t o  make H20 measurements i n  t h e  lower  t ropo-  
sphere. T h i s  c a p a b i l i t y  was used f o r  t h e  f i r s t  t i m e  i n  t h e  f a l l  o f  1982 f o r  t h e  
s tudy o f  marine boundary l a y e r  c h a r a c t e r i s t i c s  i n  t h e  v i c i n i t y  o f  t h e  G u l f  Stream 
Wall (Browel l  e t  al. ,  1984). 
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EVOLUTION OF LIDAR TECHNOLOGY FOR SPACE 

There a r e  t h r e e  l i d a r  development programs w i t h i n  NASA t h a t  a r e  d i r e c t l y  aimed 
a t  p r o v i d i n g  t h e  t e c h n o l o g i c a l  base f o r  p l a c i n g  a DIAL system on a f r e e - f l y i n g  space 
p l a t f o r m  by t h e  mid 1990's. The LASE (L idar  Atmospheric Sensing Exper iment)  and LITE 
( L i d a r  In-Space Techno1 ogy Exper iment)  p r o j e c t s  address impor tan t  phases o f  t h e  
spaceborne 1 i dar development program. 
A l t i m e t e r )  system i s  t h e  near- term goal for a l i d a r  system o p e r a t i n g  on a p o l a r  
o r b i t i n g  p l a t f o r m .  

The LASA ( L i d a r  Atmospheri c Sounder and 

T h i s  would be p a r t  of t h e  NASA EOS Program. 

The LASE system i s  be ing  developed as a h i g h  a l t i t u d e  (16-21 km), autonomous 
DIAL system f o r  o p e r a t i o n  on a NASA ER-2 (Extended Range U-2) a i r c r a f t .  It w i l l  
i n i t i a l l y  opera te  i n  t h e  727-nm wavelength r e g i o n  t o  measure H20 p r o f i l e s  i n  t h e  
lower  t roposphere,  and a t  a l a t e r  s tage i t  w i l l  be used i n  t h e  940-nm wavelength 
r e g i o n  t o  measure H20 p r o f i l e s  i n  t h e  upper t roposphere.  I n  a d d i t i o n ,  atmospher ic 
p ressure  and temperature de terminat ions  w i l l  be made u s i n g  DIAL 02 measurements i n  
t h e  760-nm wavelength reg ion.  F i g u r e  26 shows t h e  r e s u l t s  o f  our  s i m u l a t i o n s  t o  
determine t h e  random e r r o r s  associated w i t h  H20 measurements w i t h  t h e  LASE system. 
The random e r r o r  a t  a s p e c i f i c  a l t i t u d e  depends upon t h e  a b s o r p t i o n  s t r e n g t h  o f  t h e  
H20 l i n e  b e i n g  used, w i t h  t h e  s t r o n g e r  l i n e s  be ing  more s u i t a b l e  f o r  h i g h e r  a l t i t u d e  
reg ions.  C l e a r l y  t h e  random e r r o r s  f o r  n i g h t  o p e r a t i o n  and f o r  a h o r i z o n t a l  reso lu -  
t i o n  o f  20 km and a v e r t i c a l  r e s o l u t i o n  of  200 m would p e r m i t  a 5- t o  10-percent 
measurement u n c e r t a i n t y  i n  a s p e c i f i c  a l t i t u d e  reg ion.  
sys temat ic  e r r o r s  c o u l d  cont  r i  bu te  a s i g n i f i c a n t  amount t o  t h e  u n c e r t a i n t y  o f  t h e s e  
measurements. The sys temat ic  e r r o r s  can be caused by: ( 1 )  i n t e r a c t i o n  of t h e  l a s e r  
l i n e w i d t h  w i t h  t h e  a l t i t u d e  dependent H20 a b s o r p t i o n  l i n e w i d t h ,  (2 )  Doppler broaden- 
i n g  o f  backscat te red  l i g h t  by a i r  molecules, ( 3 )  accuracy i n  t h e  p o s i t i o n i n g  o f  t h e  
l a s e r  l i n e  w i t h  respect  t o  t h e  H20 l i n e ,  ( 4 )  u n c e r t a i n t y  i n  knowledge of t h e  l a s e r  
wavelength, and ( 5 )  t h e  broadband l a s e r  energy component o u t s i d e  t h e  dominant l a s e r  
o n - l i n e  emission. Our s i m u l a t i o n s  i n d i c a t e  t h a t  w i t h  p roper  c o n t r o l s  on t h e  l a s e r  
o u t p u t  and by f o l d i n g  i n  model atmospheric temperature and pressure i n f o r m a t i o n ,  t h e  
sys temat ic  e r r o r s  cou ld  be l i m i t e d  t o  a few percent  ( I s m a i l  e t  a1 . , 1984). The LASE 
system would be capable o f  making measurements on long-range f l i g h t s  (>4500 km) 
d u r i n g  bo th  day and n i g h t  background cond i t ions ,  and because o f  i t s  un ique autonomous 
mode o f  opera t ion ,  t h e  LASE system would be a p recursor  t o  t h e  development o f  a 
spaceborne l i d a r  system. 

Our a n a l y s i s  shows t h a t  

LASE i s  expected t o  make i t s  i n i t i a l  f l i g h t  i n  l a t e  1988. 

The development o f  spaceborne l i d a r  systems i s  cont ingent  on t h e  a b i l i t y  of 
NASA i s  t a k i n g  a s tep  i n  t h e  d i r e c t i o n  o f  

The 

The approach 

l a s e r s  t o  opera te  i n  a space environment. 
deve lop ing  an o p e r a t i o n a l  l a s e r  c a p a b i l i t y  f o r  space w i t h  t h e  LITE p r o j e c t .  
o b j e c t i v e  o f  LITE i s  t o  develop t h e  technology base and measurement techn iques  
necessary t o  operate a s o l i d - s t a t e  l a s e r  i n  a spaceborne l i d a r  system. 
be ing  used i s  t o  space-harden e x i s t i n g  l i d a r  technology w i t h  minimum change. The 
i n i t i a l  exper iment w i l l  u t i l i z e  a frequency doubled and t r i p l e d  Nd:YAG l a s e r  i n  a 
l i d a r  system w i t h  s imultaneous measurements a t  t h r e e  wavelengths. 
w i l l  i n c o r p o r a t e  e a s i l y  m o d i f i e d  modular concepts, and t h e  exper iments w i l l  focus on 
aeroso l ,  c loud,  and atmospher ic d e n s i t y  measurements. 
t h e  Space S h u t t l e  i n  1989. 

The c o n s t r u c t i o n  

LITE i s  scheduled t o  f l y  on 

The n e x t  program f o l l o w i n g  LITE t o  i n c o r p o r a t e  a l i d a r  system i n  space w i l l  most 
l i k e l y  be t h e  EOS Program scheduled f o r  t h e  midd le  1990's t i m e  per iod .  
system f o r  €OS i s  be ing  proposed, and i t  i s  c a l l e d  t h e  LASA ins t rument .  
o b j e c t i v e s  f o r  LASA cover many d i s c i p l i n e s ,  i n c l u d i n g  hydro logy,  a l t i m e t r y ,  geodynam- 
i c s ,  aeroso l ,  and c loud s tud ies .  The l i s t  o f  l i d a r  measurements proposed f o r  LASA i s  

A l i d a r  
The sc ience 
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shown i n  t a b l e  X I I .  The 14 l i s t e d  i tems have a l l  been demonstrated i n  t h e  labora-  
t o r y ,  and most have been demonstrated i n  bo th  ground-based and l o w - a l t i t u d e  a i r b o r n e  
systems. LASE data f rom t h e  ER-2 a i r c r a f t  w i l l  f u r t h e r  demonstrate h i g h - a l t i t u d e  
l i d a r  measurement c a p a b i l i t i e s .  
and LITE programs, LASA should be successfu l  i n  g a t h e r i n g  l a r g e  q u a n t i t i e s  o f  da ta  on 
a g l o b a l  b a s i s  t o  make a s i g n i f i c a n t  s tep  fo rward  i n  t h e  s c i e n t i f i c  understanding o f  
o u r  atmosphere. 

Using t h e  technology base developed f rom t h e  LASE 

GAS MEASUREMENTS WITH LIDAR FROM SPACE 

The accuracy o f  a gas c o n c e n t r a t i o n  measurement w i t h  t h e  DIAL techn ique i s  
dependent upon the  absorber t h i c k n e s s  across t h e  r e g i o n  where t h e  average gas 
c o n c e n t r a t i o n  i s  t o  be determined. F i g u r e  27 shows t h e  s e n s i t i v i t y  i n  t h e  e r r o r  i n  
o p t i c a l  depth de terminat ion  t o  t h e  absorber o p t i c a l  depth f o r  v a r i o u s  t r a n s m i t t a n c e  
measurement e r r o r s .  F o r  smal l  absorber o p t i c a l  depths, t h e  e r r o r  i n  t h e  determina- 
t i o n  o f  t h e  o p t i c a l  depth decreases w i t h  i n c r e a s i n g  absorber o p t i c a l  depth. An 
optimum absorber o p t i c a l  depth i s  reached around a va lue  o f  1 ( n o t e  t h a t  t h i s  
a n a l y s i s  i s  f o r  a s ing le-pass measurement), and a t  h i g h e r  o p t i c a l  depths t h e  e r r o r  
begins t o  inc rease p r e c i p i t o u s l y  due t o  l o s s  o f  s i g n a l .  Thus, t h e  measurement o f  a 
gas u s i n g  t h e  D I A L  technique depends upon t h e  expected gas concent ra t ion ,  t h e  
a v a i l a b l e  gas absorp t ion  cross sec t ions ,  and t h e  range over  which t h e  a b s o r p t i o n  i s  
t o  be measured. 

Tab le  XI11 l i s t s  t h e  mean m i x i n g  r a t i o s  f o r  t h e  t r o p o s p h e r i c  gases i d e n t i f i e d  i n  
Table X. A lso  given i n  t a b l e  XI11 a r e  t h e  column burdens f o r  t h e  same gases over  t h e  
e n t i r e  t roposphere.  To eva lua te  t h e  a b i l i t y  o f  a DIAL system t o  make a measurement 
of a gas f rom space, we must next  look  a t  t h e  a v a i l a b l e  a b s o r p t i o n  c ross  s e c t i o n s  f o r  
these gases. I n  t a b l e  X I V ,  t h e  gases f rom t a b l e  XI11 are  l i s t e d  i n  o r d e r  o f  decreas- 
i n g  m i x i n g  r a t i o  i n  t h e  lower  t roposphere.  For  each molecule, t h e  a b s o r p t i o n  wave- 
l e n g t h  r e g i o n  i s  given w i t h  an e s t i m a t e  o f  t h e  maximum a b s o r p t i o n  cross s e c t i o n  f o r  
t h a t  r e g i o n  (weak l i n e s  a r e  n o t  u s u a l l y  d i f f i c u l t  t o  f i n d  i n  t h e  same r e g i o n ) .  
t h e  DIAL measurement a c t u a l l y  i n v o l v e s  a double pass across any a l t i t u d e  segment, 
es t imates  o f  t h e  two-way o p t i c a l  a r e  g iven across a 1-km boundary l a y e r  and across 
t h e  e n t i r e  t roposphere.  

S ince  

From t h e  i n f o r m a t i o n  prov ided i n  t a b l e  X I V  and f rom t h e  r e s u l t s  o f  o t h e r  space- 
borne l i d a r  experiment s i m u l a t i o n s  n o t  presented here, t h e  f o l l o w i n g  measurements 
have been i d e n t i f i e d  as p o t e n t i a l  o b j e c t i v e s  f o r  a spaceborne DIAL system, p r o v i d i n g  
t h e  l a s e r  and r e c e i v e r  technology a r e  a v a i l a b l e :  ( 1 )  p r o f i l e  measurements o f  H20, 
03, CO, CH , and poss ib ly  "3; ( 2 )  t r o p o s p h e r i c  column conten t  measurements of NO2 

parameter measurements t o  t h e  r e q u i r e d  accuracy and d i r e c t  measurements o f  winds; and 
( 4 )  aerosol  d i s t r i b u t i o n  measurements f o r  i n f o r m a t i o n  on atmospher ic s t r u c t u r e  and 
m e t e o r o l o g i c a l  parameters, and mu1 t i  p l  e-wavelength aerosol  measurements f o r  i nforma- 
t i o n  on aerosol  composi t ion and mass load ing .  

and p o s s i b  4 y NO and SO2 w i t h  very l o w - h o r i z o n t a l  r e s o l u t i o n ;  (3 )  atmospher ic s t a t e  

An example i s  g iven i n  f i g u r e  28 o f  t h e  accuracy f o r  o b t a i n i n g  H20 p r o f i l e  
measurements u s i n g  absorp t ion  l i n e s  o f  d i f f e r e n t  s t r e n g t h s  i n  t h e  727 nm wavelength 
reg ion.  A v e r t i c a l  r e s o l u t i o n  o f  1.0 km and a h o r i z o n t a l  r e s o l u t i o n  of 100 km were 
used i n  these c a l c u l a t i o n s  w i t h  a l a s e r  energy o f  500 m.J a t  10 Hz and a 1.25-m diam- 
e t e r  t e l e s c o p e  r e c e i v e r  system. It can be seen t h a t  t h e  weaker l i n e s  o p t i m i z e  a t  a 
lower  a l t i t u d e ,  and t h a t  t o  p r o v i d e  a l t i t u d e  coverage from t h e  s u r f a c e  t o  t h e  upper 
t roposphere,  t h e  DIAL measurement r e q u i r e s  t h e  use of a t  l e a s t  two a b s o r p t i o n  l i n e s .  
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W i t h  t h e  r e s o l u t i o n  shown, t h e  H20 p r o f i l e s  measurement c o u l d  have a random e r r o r  o f  
4 0 %  below 5 km a l t i t u d e  and 4 5 %  f rom 3-10 km a l t i t u d e .  These measurement uncer-  
t a i n t i e s  can be f u r t h e r  reduced by u s i n g  a l a r g e r  v e r t i c a l  and/or h o r i z o n t a l  
r e s o l u t i o n .  

STATUS OF DIAL MEASUREMENTS SUITABLE FOR SPACE APPLICATIONS 

Table X V  summarizes t h e  s t a t u s  o f  DIAL measurements t h a t  p e r t a i n  t o  eventual  
remote sensing o f  t r o p o s p h e r i c  parameters f rom space. The gas species o r  atmospher ic 
parameter i s  l i s t e d  a long w i t h  t h e  nominal wavelength r e g i o n  f o r  t h e  l i d a r  measure- 
ment. I n  a l l  cases, t h e  t h e o r e t i c a l  f e a s i b i l i t y  f o r  an atmospher ic l i d a r  measurement 
has been shown. The atmospher ic measurements f rom a l a b o r a t o r y  environment have a l s o  
been demonstrated f rom most o f  t h e  parameters. 
enhanced gas concent ra t ions  i n  plumes, i n  an urban environment, o r  over  a roadway. 
The o t h e r s  were made i n  t h e  ambient r u r a l  o r  remote t roposphere.  Fewer f i e l d  mea- 
surements have been made w i t h  mobi le  o r  p o r t a b l e  ground-based l i d a r  systems. Most o f  
these systems have been used f o r  p o l l u t i o n  s t u d i e s  o f  SO2 o r  i n  t r a c k i n g  plumes u s i n g  
aeroso ls  as a t r a c e r .  
y e a r  t h e  f i r s t  demonstrat ion was conducted. As can be seen f rom t a b l e  XV, a l l  of t h e  
a c t i v i t y  i n  a i r b o r n e  DIAL measurements has been aimed a t  O3 and H20 over  t h e  l a s t  
6 years.  
go ing i n  t h e  near f u t u r e  (<2 y e a r s )  and beyond. 
o r  wavelength r e g i o n  t h a t  i s  expected t o  be used i n  t h e  measurement. I n  t h e  near 
f u t u r e  03 w i l l  be measured w i t h  an excimer-based DIAL system as w i l l  SO2 i n  power 
p l a n t  plumes. Atmospheric H 0 , pressure, and temperature w i l l  be measured u s i n g  

l a s e r s  and DIAL systems i n  he wavelength reg ions  shown. 

Some o f  measurements were made i n  

L i d a r  measurements f rom a i r c r a f t  a r e  i n d i c a t e d  a long w i t h  t h e  

Tab le  X V I  presents  an es t imate  o f  where a i r b o r n e  DIAL measurements a r e  
A lso  i n d i c a t e d  i s  t h e  t y p e  o f  l a s e r  

and NO depend upon t h e  development o f  a p p r o p r i a t e  
A l e x a n d r i t e  l a s e r s  i n  an a i r  2 orne DIAL system. Beyond t h e  n e x t  two years,  DIAL 
measurements o f  CH4, co, "$, NO29 

The general  c h a r a c t e r i s t i c s  needed f o r  spaceborne l a s e r s  and a l i s t  o f  p o t e n t i a l  
t u n a b l e  l a s e r s  f o r  spaceborne l i d a r  a p p l i c a t i o n s  a r e  g iven i n  t a b l e  X V I I .  
spaceborne 1 i dar  appl i c a t  i ons requ i  r e  tunabl e 1 aser  wave1 engths w i t h  h i g h  average 
power. The c h a r a c t e r i s t i c s  g iven i n  t a b l e  X V I I  a r e  f o r  a f r e e - f l y i n g  s a t e l l i t e  t h a t  

Most 

may 
t a b  
a r e  

v a t  

o n l y  be v i s i t e d  every 1 2 - t o  24 months. 
e a r e  examples o f  general  l a s e r  types t h a t  a r e  c u r r e n t l y  under development and 
p o t e n t i a l  candidates f o r  f u t u r e  spaceborne l i d a r  miss ions.  

The types  o f  t u n a b l e  i a s e r s  g iven i n  t h e  

SUMMARY 

T h i s  paper has d iscussed t h e  e v o l u t i o n  o f  1 i dar  systems f o r  t r o p o s p h e r i c  obser- 
ons. Measurements o f  aerosols ,  0 , and H20 made w i t h  t h e  NASA LaRC' a i r b o r n e  DIAL 

system were presented as examples o f  i! he types  o f  da ta  t h a t  c o u l d  be ob ta ined f rom a 
spaceborne l i d a r  system. An autonomous DIAL system under development by NASA f o r  t h e  
h i g h - a l t i t u d e  ER-2 a i r c r a f t  was described. F u t u r e  spaceborne l i d a r  systems, LITE and 
LASA, were discussed, as w e l l  as t h e  requirements f o r  f u t u r e  spaceborne l a s e r  sys- 
tems. It i s  c l e a r  t h a t  t h e  successfu l  development o f  spaceborne l i d a r  systems 
rlonondc rritirallv nn cnluinn t h n  lacnr tnrhnnlnnv rhallnnnoc nf imnrnvor l  lacnr 

Spaceborne l i d a r  can p o t e n t i a l l y  c o n t r i b u t e  t o  t r o p o s p h e r i c  chemist ry  i n v e s t i g a -  
Also, i t  t i o n s  by making p r o f i l e  measurements of  H20, 03, CO, CH4, and p o s s i b l y  "3. 

may be p o s s i b l e  t o  measure t h e  t ropospher ic  column conten t  of NO2 and p o s s i b l y  SO2 
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w i t h  low h o r i z o n t a l  r e s o l u t i o n .  Winds and atmospher ic s t a t e  v a r i a b l e s  c o u l d  a l s o  be 
p r o v i d e d  by l i d a r  measurements. 
w i t h  a mul t ip le-wavelength l i d a r  system. 
a p p r o p r i  a t e  1 aser and r e c e i  ver  techno1 ogy f o r  1 ong-term space appl  i c a t i o n s .  
mid-1990's a spaceborne DIAL system c o u l d  be p laced i n  o r b i t  t o  i n v e s t i g a t e  t ropo-  
s p h e r i c  p r o f i l e s  o f  aeroso ls  and H20, o r  p o s s i b l y  i n v e s t i g a t e  low v e r t i c a l  r e s o l u t i o n  
(>3 km) measurements of t r o p o s p h e r i c  0 . 
t i o n s .  By t h e  year 2000, l a s e r  and l i d a r  technology w i l l  have advanced t o  t h e  p o i n t  
where t h e  remote measurement o f  many o t h e r  species would be p o s s i b l e .  L i d a r  i s  an 
i m p o r t a n t  area of development because t h e r e  a r e  no o t h e r  remote sensing techniques 
t h a t  can o b t a i n  high v e r t i c a l  r e s o l u t i o n  ((2 km) measurements o f  atmospher ic 
parameters and gases i n  t h e  lower  atmosphere f rom space. 

Aerosol  and c l o u d  c h a r a c t e r i z a t i o n  can be ob ta ined 

By t h e  
A l l  of these measurements r e q u i r e  t h e  

The i n f o r m a t i o n  ob ta ined by these f i r s t  
systems would make an impor tan t  c o n t r i  8 u t i o n  t o  t r o p o s p h e r i c  chemis t ry  i n v e s t i g a -  
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TABLE X.- PRELIMINARY MEASUREMENT REQUIREMENTS I N  TROPOSPHERIC CHEMISTRY* 

R e s o l u t i o n  - V e r t i c a l :  Boundary Laye r  & F ree  Trop. Minimum 

H o r i z o n t a l :  2 0 0  km 

S t a t e  V a r i a b l e s  - Temp. ( t 5 K ) ,  Press. (? lo%),  Cloud Cover and He igh t ,  Freq.  and 

D i s t .  o f  L i g h t n i n g  

Aerosol Measurements - O p t i c a l  P r o p e r t i e s  Under F1 i g h t  Track.  Chemical Composi t ion,  

S i z e  D i s t r i b u t i o n  

*Adapted f r o m  NASA, 1981 

TABLE X I . -  AIRBORNE D I A L  SYSTEM CHARACTERISTICS 

Transmi t ter :  

Two Pump Lasers -- m a n t e l  Model 482 

Pulse Separation -- 100 ps  

Pulse Energy -- 350 ml a t  532 nm 

Repe t i t i on  Rate -- IO Hz 

Pulse Length -- 15 ns 

Two Dye Lasers -- Jobin Yvon Model HP-HR 

Fundamental Dye 
Output Energy 

Doubled Dye Output 
Energy 

Transmitted Laser 
Energy 

Laser L inewidth 

Receiver: 

Area o f  Receiver 

Receiver E f f i c i e n c y  

PMT manturn E f f i c i e n c y  

Tota l  Recei ver 
E f f i c i e n c y  

t o  PMT 

Receiver F i e l d  o f  View 

UV (near 300 nm) 

near 600 nm 

near 300 nm 

near 300 nm 
and 80 ml/pulse 
near 600 nm 

157 ml pulse 

47 ml/pulse 

40 ml/pulse 

(4 pm 

0.086 m2 

28% 

29% 

8.1% 

2 m a d  

Near-IR (near 720 nm) 

63 ml pulse 

50 a*l/pulse 

<2 pm 

0.086 m2 

29% 

4.8% 

1.4% 

2 mrad 
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TABLE XI1.- DEMONSTRATED LIDAR MEASUREMENTS FOR LASA 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

A1 t i m e t r y  

Retro-Rangi  ng 

C loud  Top H e i g h t  

PBL* H e i g h t  

S t r a t .  Aero. 

C loud  Prop. 

Trop. Aero. 

H2O Column 

Sur face  Pres. 

03 column 

H2O P r o f i l e  

Pres. P r o f i l e  

Temp. P r o f i l e  

03 P r o f i l e  

Lab 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 
Ground- 
Based 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Lon A l t .  
A i r b o r n e  

X 

X 

X 

X 

X 

X  

X 

X 

X 

X 

High  A l t .  
A i r b o r n e  

A 

LASA Sci. 
O b j e c t i v e s  

2 

3 

1 

1 

4 

4 

4 

1 

5 

5 

1 

5 

5 

5 

LASA Science O b j e c t i v e s :  1 Hydro logy ;  2 A l t i m e t r y ;  3 Geodynamics; 
4 Aeroso ls  and Clouds;  5 O the r  

A: LASE Measurements (1988) 
* P l a n e t a r y  Boundary Laye r  

TABLE XII1.- TROPOSPHERIC GAS ABUNDANCES 

Nominal Tropospheric 
Mean Mixing R a t i o  Column Burden** 

i n  Lower Trop.* ( ppm-m) 

5 P P t  

10 P P t  
50 P P t  

1 P P t  
500 ppt 
1300 ppm 

10 ppb 
100 ppt 

0.05 p p t  

2 30 
800 

1.1 x 104 

0.14 
2.0 
1.7 

23 
0.01 
0.12 

4.1 x 107 
20 
0.81 

*NASA, 1981 
**Alvarado e t  a1 ., 1982 
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TABLE X1V.-  TROPOSPHERIC GAS ABSORPTION PROPERTIES 

Species 

"20 

CH4 

co 

03 

NO2 

NO 

Wave1 ength 
Region (p) 

0.72 

0.94 

1.23 

6.3, 2.7 

7.7, 3.33, 3.25 

4.6 
2.33 

10 
0.29 

10 

4.0 
0.3 

0.44 

5.4, 5.2 

Absorpt ion 
Cross Sect ion 
( cm2 /Mol ec u 1 e 

6 x 

2 x 10-21 
4 x 1 0 - 2 0  

1 x 10-18 

1 x 10-18 

2 x 10-18 
2 x 10-20 

1 x 10-19 
9 10-19 

1 x 10-18 

3 x 10-20 

1 x 10-18 

3 10-19 ( 

1 x 10-18 

'Aa) 

Est .  o f  Maximum 
Two-way Op t i ca l  Depth 

Across 1 km 8.L. Across Troposphere 

0.42 13 
14 --- 

280 --- 
7000 --- 

8.9 --- 
0.97 8.6 

0.010 0.086 

0.027 0.12 
0.24 1.07 

0.05 0.1 

1.3 10-4 1.6 10-5 
5.4 10-4 .0044 

1.6 10-5 0.0028 

2.7 10-5 0.011 

TABLE XV.- STATUS OF D I A L  MEASUREMENTS S U I T A B L E  

Gas Species/ 
Atm. Param. 

03 

H,O 

C", 

" 3 

SO2 

NO, 

co 

NO 

Press. (0,) 

Temp. (0,) 

Aerosol Dist. 

Aerosol Char. 

Winds (Doppler) 

Nominal 
Uavelength 
Range (urn) 

0.3 
9.5 

0.72 
0.94/1.23 
1.8 

10.3 

3.5 

5.0 

10.3 

0.3 

0.44 
-- 

5.3 

0.76 

0.78 

0.3/0.6/1.0 

0.3/0.6/1.0 

10.6 

Atm.  Mea. 
from Lab 

X (RR) 
x (CC) 

X (RR) 

x (CC) 
X (CC 6 RR) 

x (CC) 

X (CC-Roadway) 

x (CC) 

X (RR-PlUM) 

X (RR-Plum. 

-- 

CC-Urban 

X (CC-Roadway) 

X (RR) 

x (CC) 

X 

X 

X 

FOR SPACE A P P L I C A T I O N S  

F ie ld  A/C 
Mea. Mea. 

X (RR) 1980 (RR) 
x (CC) 1979 (CC) 

X (RR) 1982 (RR) _ _  
-- 

x (CC) 1982 (CC) 
-- 
-- 
-_ 

X (RR-PlUW) 

X 
-- 
-- 

X 

X 

X 

X 

X 

1968 

1984 

1981 



TABLE XV1. -  AIRBORNE L IDAR TROPOSPHERIC MEASUREMENTS 

Demonstrated 

03 (Nd: YAG-DYE; CW-CO, ) 

H,O (Nd:YAG-DYE; CW & Pulsed CO,) 

SF6 Tracer (CW-CO,) 

Aerosol & Cloud D is t .  (Nd:YAG) 

Aerosol Discrim. (Nx Nd:YAG-DYE) 

P ( 2 1  Nd:YAG) 

Winds (CW & Pulsed-CO, Doppler) 

Near Future ( 2  2 Years) Future ( 1  2 'Years) 

0, (Excimer) 0, (Pulsed CO,) 

H,O (Alex.)  H,O (0.94/1.23 pm) 

SO, (Excimer) CH, (3.3 urn) 

P (Alex.)  CO (4 .6 "m) 

T (Alex. )  NH, (10.3 urn) 

TABLE X V I 1 . -  SPACEBORNE LASERS 

General Character is t ics  

High Power (1 - 20 W) 

Wavelength Tunable (10 - 40 cm-'1 

Narrow Linewidth (<0.02 cm-') 

Long L i fe t ime  (12 - 24 mol 

Ruggedized (Shut t le  Launch; Space Environ.)  

Reduced Complexity and Modular 

Capable o f  Meeting Eye Safety C r i t e r i a  

Tunable Laser Types 

A lexandr i te  (720 - 770 nm) 

Co:MgF,* 1.6 - 2.3 

Ti:Sapphire (700 - 850 nm) 

Emerald (751 - 759 nm) 

Nd: Glass* 

Excimer* 

CO, (Line Tunable and Isotope Broadened) 

*Raman S h i f t e d  
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I965 1970 1975 I980 I985 

I I 
REPRESENTS FIRST OF A CLASS OF LIDAR MEASUREMENTS 

1 1 1 1 1 1 1 1  
,SPACE LIDAR ' A C T I V I ~ E S  

I I l l  

v v v v v  v v  v v -  
LlDbR FEA SHUT DEF ER-2 
W.G. STDY EXP fR2 DIAL 

SIM DIAL DW. 

I I I 

SPACE LAB4 
LIDAR PROFS 

CC -COLUMN CONTENT 
R R  -RANGE RESOLVED 

I AIRBORNE L IDAR SYSTEMS I 
v v v  v v  

AERO H.$ MAJORGE 
W V  

07p!Iu 

WIND ASSESS I I  
v 

STRAT. 
AERO. 

v 
TROP. 

LIDAR \ AERO L l W R  &EXTIN. DIAL FIELD WPS. 
(RR) ( R R )  

/ t-- I 
I I I I I GROUND-BASED L l W R  SYSTEMS I 

F i g u r e  20.- H is to ry  o f  l i d a r  development w i t h  each m i les tone  r e p r e s e n t i n g  the  f i r s t  
i n  a c l a s s  o f  l i d a r  measurements. 
measurements the  measurement parameter/species a re  g iven a long w i t h  t h e  l i d a r  
techn ique used. 
1 i dar system devel opment. 

I n  the  case o f  ground-based and a i r b o r n e  l i d a r  

Var ious s t u d i e s  a r e  c i t e d  i n t h e  a c t i  v i  ti es s u p p o r t i  ng spaceborne 

DATA RECORDING 
AND 

BACKSCATER 
LASER RETURN 

F i g u r e  21  .- NASA Langley Research Center a i r b o r n e  DIAL system schematic 
(B rowe l l  e t  a1 . , 1983). 
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UV L I D A R  SIGNAL V I S I B L E  L I D A R  S IGNAL 
1113 

(SI6 - BKGND) R2 V I S I B L E  RETURN V I S I B L E  GRAY SCALE DISPLAY 

F i g u r e  22.- A i rborne  DIAL UV and v i s i b l e  l i d a r  
r e t u r n s  wi th DIAL system opera t i ng  i n  a 
n a d i r  mode from an a i r c r a f t  a l t i t u d e  o f  3 km. 

AUG 7,1980 

CORECTED DIAL 
4PRaFlLE (1827EDT) 

---- IN SITU CESWA - 
0, DATA (1747-1759EOl1 
(LOCATION 8 )  - 

"0 20 40 60 80 00 120 
OZONE CONCENTRATION (ppbv) 

F i g u r e  23.- Comparison o f  a i r b o r n e  DIAL 
and i n  s i t u  measurements o f  O3 
p r o f i l e s  (Browel 1 e t  a1 . , 1985). 
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2209 EDT 
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d b 

Figure 24.- Airborne DIAL and i n  situ O3 
measurements i n  the lower stratosphere 
(Browel 1 , 1983 1. 
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Figure 25.- Comparison o f  airborne DIAL 
and radiosonde measurements of H20 
prof i 1 es. 
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Figure 26.- Simulations of H 0 measurement 
uncertainties for  the ER- $ DIAL system. 
An a i r c ra f i  altitude of 16 km and a mid- 
l a t i tude  summer H20 profi le  was assumed. 
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Figure 27.- Dependence o f  optical depth measurement error  on absorber optical 
depth and transmittance measurement accuracy. 
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Figure 28.- Spaceborne DIAL H20 profile measurement uncertainties. 
An orbital a l t i tude o f  800 km and a mid-latitude summer H20 
model prof i 1 e were assumed. 
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APPENDIX A: TROPOSPHERIC CHEMISTRY: AN OVERVIEW 

Joel S. Levine 

OXYGEN SPECIES 

SPEC I ES  CONCENTRATION^ I IFETIME~ COMMENTS ' 

OZONE (03) 10 - 100 PPBV WEEKS TO MONTHS C, TRANSPORT FROM 
STRATOSPHERE; GREENHOUSE 
S P E C I E S  

A T O N I C  OXYGEN (0) 10' CM-3 V.S. C, LEADS TO 0 3  PRODUCTION 

E X C I T E D  A T P I C  lo-' CM-3 V.S. C, LEADS TO OH PRODUCTION 
OXYGEN (O( 0 ) )  

' L E V I N E ,  J-S-  ( E D I T O R ) ,  1985: THE PHOTOCHEMISTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS.  

AND COMETS, ACADEMIC PRESS, INC., PP. 6-7- 

'IBID, P. 44: V - S -  = VERY SHORT (SECONDS OR LESS) ;  V.L. = VERY LONG (DECADES OR LONGER) 

'A = ANTHROPOGENIC; B = B I O G E N I C ;  C = CHERICAL OR PHOTOCHEMICAL 

O X Y G E N  S P E C I E S  C H E M I S T R Y  

I 
1. o2 
lN.10, Lmsl 

Photochemical product ion and des t ruc t i on  o f  03. 
Key oxygen species are shown i n  s o l i d  boxes. 

FROM G L O B A L  T R O P O S P H E R I C  C H E M I S T R Y :  A P L A N  F O R  A C T I O N ,  G L O B A L  T R O P O S P H E R I C  
C H E M I S T R Y  P A N E L  ( R .  A .  DUCE,  C H A I R M A N ,  A N D  R. C I C E R O N E ,  V I C E  C H A I R M A N )  
P U B L I S H E D  B Y  T H E  N A T I O N A L  ACADEMY P R E S S ,  W A S H I N G T O N ,  DC, 1984. 
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HYDROGEN SPECIES 

SPEClES 

WATER VAPOR (Hz0)  

NOLECULAR HYDROGEN ( H z )  

HYDROGEN PEROXIDE ( H 2 0 2 )  

HYDROPEROXYL RADICAL (HOz)  

HYDROXYL RADICAL (OH) 

ATONIC HYDROGEN (H)  

CONCENTRATION LIFE TINE^ 

<<  1% - 4% HYDROLOGICAL CYCLE: 
VAPOR FORN. -10 DAYS 
DROPLET FORM : -HOURS 

0.5 PPHV 

10' CH-' 

3.0 x i07s (8.3 x i o 3  H R )  

1.2 x i05s (33 H R )  

10' CH-3 NINUTES 

lo6 CH-' V.S. 

CONNENTS 

EVAPORATION/CONDENSATION; 
LEADS TO OH PRODUCTION; 
GREENHOUSE SPECIES 

C,B 

C; WATER SOLUBLE 

C 

C; P R I N C I P A L  O X I D I Z E R  I N  
TROPOSPHERE 

P 
L 

'LEVINE,  J.S. (EDITOR), 1985: THEPHOTOGHENISTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS. 

AND CONETS, ACADENIC PRESS, INC- ,  PP. 6-7- 
z l B I D ,  P. 44: V.S. = VERY SHORT (SECONDS OR LESS);  V.L. = VERY LONG (DECADES OR LONGER) 

'A = ANTHROPOGENIC; B = BIOGENIC;  C = CHEMICAL OR PHOTOCHEVICAL 

H Y D R O G E N  S P E C I E S  C H E M I S T R Y  

OH/H02 r a d i c a l  chain react ions.  

\ co2 NH2.H20 

Y Y I ~ M . ~ I  \ 
Mul~irrepl 

The c e n t r a l  r o l e  o f  OH i n  the ox ida t i on  o f  
t ropospher ic  t race  gases. 

I 
NO, H 2 0  

FROV GI OM1 TROPOSPHERIC CHEMISTRY: 
K. CICERONE, VICE CHAIRFAN) PUBLISHED BY THE NATIONAL ACADMY PRESS, WASHINGTON, DC, 1984. 

A PI AN FOR ACTION , GLOBAL TROPOSPHERIC CHEMISTRY PANEL (R-  A -  DUCE, C H A I W N ,  AND 



NITROGEN SPECIES 

SPEClES 

NITROUS OXIDE (NzO) 

ANNONIA (NH3) 

N I T R I C  A C I D  ("03) 

NITROGEN D I O X I D E  (1102) 

N I T R I C  OXIDE (NO) 

NITROGEN TRIOXIDE ( N O 3 )  

PEROXYACETYLNITRATE 

DINITROGEN PENTOXIDE 

(CHoCO 3NO 2 )  

( N 2 0 5 )  

PERNITRIC A C I D  (H02N02)  

NITROUS A C I D  ("02) 

CONCENTRAT ION ' 
330 PPBV 

0.1 - 10 PPBV 

50 - 1000 PPTV 

10 - 300 PPTV 

5 - 100 PPTV 

100 PPTV 

50 PPTV 

1 PPTV 

0.5 PPTV 

0.1 PPTV 

1.3 x 10% (360 HR) 

1.5 x 10% (420 HR) 

1.3 x 10% (3.6 HR)  

1.1 x 10's (0.03 HR) 

-SECONDS 

DAYS i n  YEARS 

-SECONDS 

-DAYS 

-DAYS 

CONIIENTS3 

B, A; GREENHOUSE SPECIES; 
GLOBAL INCREASE ( 4 ) . 2 Z / Y R )  

B A .  WATER SOLUBLE. NAJOR 
d S E 6 U S  BASE; GREENI~OUSE 
SPECIES; AEROSOL PRODUCTION 

C; WATER S0LUBLE;ACID RAIN; 
AEROSOL PRODUCTION 

C 
A, B, C, L IGHTNING 

C 
C 

L 

C; WATER SOLUBLE 

C; WATER SOLUBLE 

fLEVINE, J.S. (EDITOR ), 1985: THE PHOTOCHENISTRY OF ATNOSPHERES: EARTH, THE OTHER PLANETS, 

AND COMETS , ACADENIC PRESS, INC., PP. 6-7. 

21BI0, P. 44: V.S. = VERY SHORT (SECONDS OR LESS); V.L. = VERY LONG (DECADES OR LONGER) 

'A = ANTHROPOGENIC; B = BIOGENIC;  C = CHENICAL OR PHOTOCHENICAL 

, I  Photochemical transformations among odd-nitrogen species i_!'f:-i 

Major atmospheric reactions of N 0 species: Solid 
line boxes indicate major daytime nitrogen species; 
broken line boxes indicate significant nighttime 
nitrogen species. It is still uncertain whether 
PAN is a major species in the free troposphere. 
notation wo/ro denotes washout/rainout process. 

X Y  

The 

FR@I STRY : A PIAN FOR ACTION, GLOBAL 

CICERONE, VICE CttAIfWN) PUBLISHED BY THE NATIONAL ACADEMY 
PRESS, WASHINGTON, K, 1984. 

TRUPOSPHEHIC CHEMISTKY PANEL ( H e  A .  UUCE, CHAIWN, AND R *  

Major atmospheric reactions o f  HxOy, NxOy, and 03, 
where M denotes N2 and 02, HR refers to heterogeneous 
removal, and hv indicates radiation required. 
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CARRON SPECIES 

SPEClES 

CARBON D I O X I D E  (COz) 

METHANE (CHc 1 

CARBON MONOXIDE (CO) 

FORNALDEHYDE (HtCO) 

NETHYHYDROPEROXI DE 

METHYLPEROXYL RADICAL 

METHYL RADICAL (CH,) 

(CH, DOH 1 

(CH 302)  

CONCENTRAT I O N  ' LIFETINE 

0.034% V.L. 

1 - 7  PPMV 2.5 x 10's (6.9 x i o 3  H R )  

70 - 200 PPBV (N.H.) 
40 - 60 PPBV (S.H.) 

0 - 1  PPBV -HOURS 

10'' CH-3 -DAYS 

7.1 x 10's (200 H R )  

106 cn- V.S. 

10-1 cn-3  V.S. 

CONNENT S 

A, B, VOLCANIC; GREENHOUSE 
SPECIES; GLOBAL INCREASE 
( - . 2 % / Y R )  

6, A; GREENHOUSE SPECIES; 

A, B, C; GLOBAL INCREASE 
( -1 -2%/YR)  

GLOBAL INCREASE ( -1 - 1%/Y R) 

C; WATER SOLUBLE 

C; WATER SOLUBLE 

C 

r 
L 

'LEVINE, J.S. (EDITOR), 1985: THE PHOTOCHENISTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS, 

AND CONETS, ACADEHIC PRESS, INC., PP. 6-7. 

' I B I D ,  P. 44:  V.S. = VERY SHORT (SECONDS OR LESS); V.L. = VERY LONG (DECADES OR LONGER) 

'A = ANTHROPOGENIC; B = BIOGENIC;  C = CHEMICAL OR PHOTOCHEMICAL 

CARBON SPEC 

co 

I E S  

L 

A possible tropospheric degradation scheme for 
CH302 radicals, formed from CH4. The current lack 
of understanding of this chemistry defines one of 
the major uncertainties in the understanding of 
fast H 0 photochemistry. 

X Y  

C H E M I S T R Y  

on. 02. NO 

OH CH) 
I 1  

I 
0 -  

CH, -C - CH - CH, 

cn3c - cn - cn, 
1 -  

A 

NO. 0, 

' H,O $ 0- OH 
I I  

CH3C-CH - CH, 
I unimolwuIar \cH,onq~~ CH3C - CH 

I hv I OH. O p .  NO 

? I 
CH3 + c- CH3C*+ CHOor 

0,. NO I 

k m  + no, 

A possible reaction scheme for isoprene oxidation 
in the presence of NO,. 

FPLM TRO PQSPHERIC CHEMIST RY: A PLAN FOR A C T U  GLOBAL TROPOSPHERIC CHEMISTRY PANEL ( R e  A. DUCE, C M I W N ,  AND 
R. CICERONE, VICE C M I W N )  WBLISHED BY THE NATIONAL ACADEMY PRESS, MSHINGTON, K, 1984. 



SPECIES 

CARBONYL SULIFIDE (COS) 

DINETHYL SULIFIUE ((CH3)zS) 

HYDROGEN SULFIDE (HIS) 

SULFUR DIOXIDE ( S O , )  

DIMETHYL DISULFIUE ((CH3)2S2) 
CARBON SULFIDE (CS,) 

SULFURIC ACID (H2 S O ,  ) 

SULFUROUS ACID (HzS03) 

SULFOXYL RADICAL ( S O )  

THIOHYDROXYL RADICAL (HS)  

SULFUR TRIOXIDE ( S O , )  

CONCENTRATION' IJFETlNE2 CONNENTS 

>2.2 x 10's ( L l x 1 0 3  H R )  VOLCANIC,A 0.5 PPRV - 
0.4 PPBV -HOURS B 

0.2 PPBV B. A 3.8 x 10's (11 H R )  

0.2 PPBV 

100 PPTV 

50 PPTV 

8.0 x 10's (22 H R )  VOLCANIC, A, C; 
AEROSOL PRODUCTION 

-HOURS B 

-DA Y S VOLCANIC, A 

20 PPTV -DA Y S C; WATER SOLUBLE; 
ACID RAIN 

20 PPTV 

10, cn-3 

1 cn-3 

l o - *  C K 3  

-DAYS 

V.S. 

V.S. 

V.S. 

'LEVINE, J.S. (EDITOR), 1985: THE PHOTOCHENISTRY OF ATMOSPHERES: EARTH. THE OTHER PLANETS, 

AND CONETS, ACADENIC PRESS, INC-, PP. 6-7. 

' IBID, P. 44: V.S. = VERY SHORT (SECONDS OR LESS); V.L. = VERY LONG (DECADES OR LONGER) 

'A = ANTHROPOGENIC; B = BIOGENIC; C = CHENICAL OR PHOTOCHENICAL 

S U L F U R  S P E C I E S  C H E M I S T R Y  

FROM 

CICERONE, VICE CHAIWN) PUBLISHED BY THE NATIONI\L ACADEMY 
PRESS. MSHINGTCN, DC, 1984. 

A PLAN FOR A C W  GLOBAL 
TROPOSPHERIC CHENISTRY PANEL (R- A. DUCE, CHAIMN, AND R. 

NO 

MrYl - I  

A t e n t a t i v e  scheme f o r  the o x i d a t i o n  and removal 
of  atmospheric s u l f u r  species. 

Gas-phase cons t i tuents  and major 
r e a c t i o n  pathways ( s o l i d  l i n e s ) .  
I n t e r a c t i o n s  between chemical f a m i l i e s  
are i n d i c a t e d  by dashed l i n e s .  Heavy 
(double) arrows show key heterogeneous 
pathways i n v o l v i n g  aerosols (A)  and 
p r e c i p i t a t i o n  (P).Turco e t  a l . ,  1982.* 
*Turco, R. P., 0. B. Toon, R. C. Whitten, 
R. G. Keesee and P. Hamil l ,  Importance o f  
Heterogeneous Processes t o  Tropospheric 
Chemistry, Geophysical Monograph Series. 
vo l .  26, 0. R. Schryer, e d i t o r ,  American 
Geophysical Union, Washington, D.C., pp. 231- 
240. 1982. A. p co U 

P. A 
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HALOGEN SPECIES 

SPEClES CONCENTRAT I O N  ' 
HYDROGEN CHLORIDE 

(HCf )  
1 PPBV 

METHYL CHLORIDE 0 - 5  PPBV 
(CH3Cf)  

HETHYL BROMIDE 10 PPTV 

HETHYL I O D I U E  1 PPTV 

(CH3 BR)  

(CHs I )  

LIFETIME * CONNENTS 

3 . 0  x 10% (83  H R )  SEA SALT, VOLCANIC; 
WATER SOLUBLE 

B, A 4.9 x 10% ( 1 . 3  x i o 3  H R )  

4 O N T H S  B. A 

-MONTHS B, A 

__ 
'LEVINE, J - S -  (ED1  TOR), i98S: THE PHOTOCHEMiSTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS, 

AND CONETS, ACADEMIC PRESS, INC., PP. 6-7. 
' I B I D ,  P. 44: V.S. = VERY SHORT (SECONDS OR LESS);  V.L. = VERY LONG (DECADES OR LONGER) 

'A = ANTHROPOGENIC; tl = BIOGENIC;  C = CHEf l ICAL OR PHOTOCHENICAL 

H A L O G E N  S P E C I E S  C H E M I S T R Y  

h v  hposition 8 km (26K'l-HIGH LATITUDES 

TROPOSPHERE 

I Chenirtrv r 

Schematic diagram t o  show processes and t o  exempl i fy key species i n  g loba l  t ropospher ic halogen 
cyc les .  X denotes F, C1, B r ,  o r  I .  

FRMl UI TRO POSPHERIC CHEMIST RY: A PIAN F m  GLOBAL TROPOSPHERIC CHEMISTRY PANEL (R. A. DUCE, C H A l W N ,  AND R. CICERONE, VICE CHAIRMAN) PUBLISHED BY THE NATIONAL ACADmY PRESS, MSHINGTOEI, DC, 1984- 
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A E R O S O L  S P E C I E S  C H E M I S . T R Y  

-5 
-- 

Aerosols as an end product o f  atmospheric 
reactions. Major reaction pathways for gas- 

*Turco. R. P . ,  0. B. Toon, R. C .  Whitten, 
R .  G. Keesee and P .  Hamill, Importance o f  
Heterogeneous Processes to Tropospheric 

v o l .  26, D. R. Schryer, editor, American 
Geophysical Union, Washington, D.C., pp. 231- 
240. 1982. 

A. P Chemistry, Geophysical Monograph Series, p. A 

FROM !3OsAl TROPOSPHF RIC CHFMIST RY: 
R. CICERONE, VICE CHAIWZAN) PUBLISHED BY THE NATIONAL ACADEMY PRESS, WASHINGTON, DC, 1984- 

A P I A N  FO R ACTIO& GLOBAL TROPOSPHERIC CHEMISTRY PANEL (R. A *  DUCE, CHAIWN, AND 
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